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ABSTRACT 
Water resources in Florida have been severely degraded by eutrophic conditions, resulting 
toxic algae blooms, which negatively affect health and tourism. Eutrophication, or excessive 
amount of phosphorus (P) and nitrogen (N) in water, overstimulates the production of aquatic 
plants, depletes dissolved oxygen, and deteriorates the aquatic environment. However, phosphorus 
is a non-renewable resource essential for all living organisms. In fact, more than half of the total 
demand for P globally is to supply the food industry, which has concerningly accelerated the 
depletion rates of phosphate reserves.  
In many wastewater treatment plants (WWTPs), the enhanced biological phosphorus 
removal (EBPR) approach has been employed to achieve high phosphorus removals from 
wastewater through phosphate-accumulating organisms (PAOs). However, during either anaerobic 
or aerobic digestion of EBPR sludge, stored polyphosphates are released and carried into the 
sidestream, which is typically returned to the headworks of the main treatment facility, thereby 
recycling phosphorus back into the system.  This treatment train is highly inefficient because 
nutrients rather are recirculated rather than recovered.  
Struvite (MgNH
4
PO
4
•6H
2
O) is precipitated in oversaturated aqueous solutions with equal 
molar concentrations of magnesium, ammonium, and phosphate. The controlled crystallization of 
struvite may be applied to remove phosphorus and some ammonium from sidestreams, which is 
the liquid portion of the digester effluent. Struvite can be employed as a sustainable slow-release 
fertilizer due to its low solubility in water.  This offers the opportunity of marketing the struvite 
produced under controlled conditions and creating a revenue for the utility.  
 viii 
The specific research objectives of this thesis are (1) to investigate different possible 
operating conditions under which anaerobically digested sludge from EBPR facilities might be 
treated through struvite precipitation; (2) to quantify the removal of N and P from sidestreams 
from anaerobically digested EBPR sludge via struvite precipitation and assess the composition of 
the precipitate obtained; and (3) to generate a cost analysis to assess the trade-offs between the 
capital and operation and maintenance (O&M) costs of struvite production and the benefits such 
as reduced chemical use and production of a slow-release fertilizer. 
The main parameters affecting struvite precipitation are the Mg2+ to PO43- molar ratio, pH, 
temperature, mixing speed, hydraulic retention time (HRT), and the seed quantity added to 
promote nucleation. Different operating conditions within these parameters were batch-tested as 
part of this study using sidestream from the pilot-scale anaerobic digester (AD) fed from 
Falkenburg Advanced Wastewater Treatment Plant (FAWWTP) EBPR sludge. Additionally, the 
effect of temperature and pH were investigated using Visual MINTEQ simulations. Analysis of 
Variance (ANOVA) was employed to investigate the variance within the removals from the 
centrate obtained for phosphate, ammonium, magnesium, and calcium. The chemical composition 
of the solids collected after employing the selected operating conditions was analyzed by powder 
X-ray diffraction (PXRD).  
The results for the batch tests performed as part of this thesis were quantified in terms of 
the removals of phosphate, ammonium, magnesium, and calcium from the centrate. The greatest 
amount of phosphate removal was achieved by operating the struvite reactor at 4.0 mmol of Mg2+ 
per mmole of PO43-. The other molar ratios tested were 1.0, 2.0, and 3.0. Visual inspection of the 
data showed significant variability in removals of ammonium, calcium, and magnesium, which are 
likely to be correlated with the highly variable influent concentrations into the struvite reactor. In 
 ix 
this case, ANOVA will require larger data sets to accurately analyze variance in the results. The 
statistical results given by ANOVA for the pH suggests that the main species to contribute with 
struvite being precipitated are statistically stable within the tested pH values of 8.5, 9.0, and 9.5. 
The results obtained by the simulation using Visual MINTEQ indicated that maximum saturation 
as function of pH takes place at a pH between 9.5 and 10.0.  The ANOVA for the mixing speed 
showed that significant amounts of ammonium were removed at higher mixing speeds. This is 
likely due ammonium being volatilized, which is enhanced by turbulence. Magnesium and 
phosphate showed lower removals at higher mixing speeds, suggesting that too high mixing speeds 
will promote struvite seed dissolution. ANOVA identified NH4+ and Ca2+ as the species 
significantly impacted by modifying the HRT from 8 to 20 minutes.  This suggests that prolonged 
HRT promotes inorganic nitrogen species to volatilize. It is likely that at higher HRT, tricalcium 
phosphates (TCP) or other favored calcium species coprecipitated together with struvite. 
Regarding the added struvite seed for nucleation, the greatest removals of ammonium, magnesium, 
and, phosphate were observed when 1g/L of struvite seed was added. The results also indicated 
that adding 5 and 10 g/L was an excessive amount of seed, which ended up contributing 
significantly to more nutrients into the centrate rather than precipitating them. The results also 
suggested that the struvite crystals formed in the sidestream by secondary nucleation, since 
removals close to zero were reached after adding no seed. The optimum temperature identified by 
the simulation in Visual MINTEQ was 21°C.  
Operating the struvite reactor under the optimal conditions identified in the batch tests, 
resulted in an average of 99% total P (TP) and 17% total N (TN) removals. The precipitate molar 
composition for [Mg2+:NH4+:PO43-] was equal to [2:2:1] based on the concentrations that 
disappeared from the aqueous solution, suggesting that other minerals coprecipitated with struvite. 
 x 
Visual MINTEQ predicted that together with struvite, CaHPO4 and CaHPO4•2H2O will also 
precipitate under the tested conditions. However, given the obtained ratio it is likely that other 
unpredicted species by Visual MINTEQ, such as magnesium carbonates or magnesium hydroxide 
coprecipitated with struvite. PXRD analysis also revealed that the sample was likely contaminated 
struvite, although the specific contaminants were not identified.  
A cost analysis was performed to distinguish the economic feasibility of incorporating a 
struvite harvesting system to treat the anaerobically digested sidestream from the Biosolids 
Management Facility (BMF) within the Northwest Regional Water Reclamation Facility 
(NWRWRF). Three different scenarios were evaluated; in Scenario (1) Ostara® Nutrient 
Recovery Technologies Inc. (Ostara®) evaluated the production of struvite from anaerobically 
digested EBPR sidestream using a fluidized reactor. In Scenario (2), Ostara® evaluated the 
production of struvite in a fluidized bed reactor by employing Waste Activated Sludge Stripping 
to Remove Internal Phosphorus (WASSTRIP™) in a mixture of post-anaerobic digestion centrate 
and pre-digester thickener liquor. Scenario (3) was addressed by Schwing Bioset Inc. (SBI) for a 
continuously-stirred reactor followed by a struvite harvesting system.  
Scenario (2) offers the highest TP and TN recoveries through WASSTRIP™ release due 
to the additional mass of phosphorus that is sent to the phosphorus recovery process. Therefore, 
although Scenario (2) has the highest total capital costs ($5M) it also has the shortest payback 
period (18 years). Scenarios (1) and Scenario (3) have similar payback periods (22-23 years) but 
very different total capital costs. The annual savings by producing struvite in Scenario (3) is $40K, 
which is about 30% less than producing struvite in Scenario (1). This is probably because the only 
savings considered under Scenario (3) were the lower alum usage and the fertilizer revenue; 
however, the savings by producing class A biosolids, were not accounted for. Consequently, the 
 xi 
reduced total capital cost of $960K and the annual payment amount per interest period close to 
$80K, positioned Scenario (3) as the more feasible one, considering 20 years as the expected life 
of the asset at a 5% interest rate.  
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CHAPTER 1: INTRODUCTION 
The growth of algae and aquatic plants provides food and habitat for fish, shellfish, and 
other aquatic organisms. This process is supported by nutrients, such as nitrogen and phosphorus; 
however, an excess of these nutrients in water can overstimulate the production of aquatic plants, 
leading to eutrophication. Eutrophic conditions cause depletion of dissolved oxygen, water 
turbidity, and changes in the biotic community composition (USEPA, 2015). For instance, Lake 
Okeechobee is a major potable water supply in subtropical south-central Florida, which has been 
severely degraded by eutrophic conditions. After heavy rains in May 2018, water from the lake 
was discharged into rivers to the west and east of the lake to reduce the risk of flooding. The 
eutrophic waters caused an environmental crisis when toxic algae blooms harmed wildlife and 
negatively affected fishing and tourism (Fleshler, 2016). Lake Okeechobee is a major feature of 
the Kissimmee-Okeechobee-Everglades system and is an example of how high phosphorus 
loadings resulting from human-induced hydrologic and land use modifications can severely affect 
water quality.  
Phosphorus is a non-renewable resource essential for all living organisms. It is a 
component of adenosine triphosphate (ATP), which is referred to as the “energy currency” for 
organisms at the cellular level (Madigan & Brock, 2015). The availability of phosphorus often 
controls biological productivity. Approximately 90% of global demand for phosphorus is for food 
production, which represents about 148 million tonnes of phosphate rock per year (Cordell et al., 
2009).  Fertilizers are typically produced from phosphate-containing minerals that are mined. 
However, existing rock phosphate reserves could be exhausted in the next 50 to 100 years 
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(Kauwenbergh et al., 2010). The phosphorus cycle that is typically followed today is lineal and 
unsustainable, as shown in Figure 1.1.   
 
Figure 1.1 The phosphorus cycle today. 
Different approaches are currently being employed for nutrient recovery from wastewater 
treatment plants (WWTPs). This serves the dual purpose of (1) removing phosphorus from 
wastewater, thus protecting the quality of receiving waters, and (2) recovering it for fertilizer 
production.  The typically employed approach to reduce phosphorus concentrations in WWTPs is 
chemical treatment using alum or iron salts, followed by tertiary filtration or membrane separation. 
Additionally, full-scale plant configurations that select for the growth of phosphate-accumulating 
organisms (PAOs) have been used to successfully provide high phosphorus removals through 
enhanced biological phosphorus removal (EBPR). The main benefits of EBPR compared with 
chemical precipitation are that lower amounts of chemical are required while less sludge is 
generated (Galvagno et al., 2016).  
Many WWTPs use anaerobic digestion (AD) to convert waste activated sludge (WAS) into 
an energy product while reducing the amount of biosolids that require disposal.  AD of WAS can 
be carried out at temperatures between 50C and 57C, which is the suitable range for thermophilic 
bacteria (Tchobanoglous et al., 2014). The AD of organic material fundamentally follows the 
following stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. These phases are 
controlled by monitoring the pH, alkalinity, temperature, and retention time of the digesters 
(Appels et al., 2008). Thermophilic AD offers a number of advantages compared to other WAS 
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treatment approaches. These advantages include the recovery of energy in the form of biogas rich 
in methane, reduction of volatile solids (VS), improved biosolids dewatering capabilities, and 
inactivation of pathogens (Marti et al., 2008). However, during the digestion of EBPR sludge, 
ammonia and stored polyphosphates are released and carried into the sidestream, which is the 
liquid stream from dewatering of the digested sludge. Therefore, the sidestream is abundant in 
phosphorus and nitrogen. AD sidestreams are typically returned to the head of the WWTPs, 
making the process highly inefficient by recirculating the nitrogen and phosphorus rather than 
recovering it (Münch & Barr, 2001).  
The controlled crystallization of struvite (MgNH4PO4•6H2O) may be applied to remove 
phosphorus and some ammonium from the sidestream. Reducing the flux of recycled nutrients 
supports EBPR plants in achieving lower nutrient concentrations, improving process stability, and 
reducing costs. During the precipitation of struvite, phosphorus and nitrogen are removed from the 
liquid by chemically induced precipitation, after closely controlling parameters such as pH, 
magnesium-to-phosphate molar ratio, seed crystal addition for nucleation, mixing speed, and 
hydraulic retention time (HRT) (Marti et al., 2008; Wang et al., 2006; Wang et al., 2005).  Struvite 
precipitation is capable of producing a revenue for the utility due to the market value of struvite, 
which can be employed as a slow-release fertilizer due to its low solubility in water (Amini, 2014; 
Yetilmezsoy et al., 2017). Slow-release fertilizers have been applied in sustainable agriculture to 
increase nutrient uptake efficiency of crops and reduce greenhouse gas emissions, without 
compromising crops productivity (Zhang et al., 2010). Slow-release fertilizers also generate less 
P in agriculture runoff, thereby reducing eutrophication potential. Therefore, the recovery of 
struvite from wastewater treatment facilities provides a phosphate source suitable for the 
production of fertilizers, which leads to a more sustainable food production industry, as described 
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by Figure 1.2. The recovery of struvite from the sidestream also has the potential to prevent scaling 
and clogging in pipelines in WWTPs (Ohlinger et al., 1999).  
 
Figure 1.2 Sustainable phosphorus recovery through struvite precipitation. 
The feasibility of implementing struvite crystallization in WWTPs is highly dependent on 
the capital and operational costs (i.e. chemicals, maintenance, and energy). A cost analysis to 
identify the potential revenue and avoided expenses associated with the production of struvite from 
the sidestream may be needed to assess a proposed project’s financial sustainability.  
To the best of my knowledge, the optimum conditions for the recovery of phosphorus 
through controlled struvite precipitation from anaerobically digested EBPR sludge have not been 
properly addressed. Therefore, the overall aim of this research is to investigate the removal and 
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recovery of phosphorus and nitrogen in the form of struvite from EBPR sidestreams that are rich 
in phosphorus and nitrogen. The specific research objectives of this thesis are the following: 
• Investigate different possible operating conditions under which anaerobically digested 
sludge from EBPR facilities might be treated through struvite precipitation.  
• Quantify the removal of N and P from sidestreams from anaerobically digested EBPR 
sludge via struvite precipitation and assess the composition of the precipitate obtained. 
• Using Hillsborough County, FL as a case study, to generate a cost analysis to assess the 
trade-offs between the capital and O&M costs of struvite production and the benefits such 
as reduced chemical use and production of a slow-release fertilizer. 
The successful completion of this work will support the efforts made by EBPR facilities to 
identify the operating conditions affecting struvite precipitation from anaerobically digested 
centrate. The achievement of these thesis objectives will also provide background of the feasibility 
of incorporating struvite treatment within the Hillsborough County Water Reclamation Facilities.  
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CHAPTER 2: LITERATURE REVIEW 
This chapter focuses on centrate from anaerobically digested enhanced biological 
phosphorus removal (EBPR) sludge treated by chemical precipitation to produce struvite.  The 
parameters affecting struvite precipitation, such as magnesium-to-phosphate molar ratios, pH, 
temperature, mixing speed, hydraulic retention time, and seed quantity to promote nucleation, are 
also addressed in this chapter.  
2.1. Chemical Phosphorus Removal  
Phosphorus in water exists in two main forms: soluble P (dissolved) and particulate P. The 
type of phosphorus species present in municipal wastewater will depend on the collection system 
design, retention time, and surrounding conditions in the sewer before reaching the treatment 
facility (Tchobanoglous et al., 2014). The selected wastewater biological treatment will also 
determine the type of phosphorus present in the treatment train. Dissolved phosphorus will remain 
in the water while particulate P is likely to settle. The greater portion of the phosphorus discharged 
by wastewater treatment facilities, for example, is in the dissolved form. The primary dissolved 
form of P is orthophosphate, which is readily available to algae and aquatic plants (Minnesota 
Pollution Control Agency, 2007). In addition to orthophosphate, the main P species present in 
wastewater are polyphosphates, organic phosphate, and chemically bound phosphorus, as 
described in Table 2.1 (Water Environment Federation, 2011). Typically, phosphorus is 
chemically removed through three main mechanisms: (1) surface complexation, which includes 
coprecipitation and adsorption; (2) solid-liquid separation; and (3) chemical precipitation using 
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cations such as aluminum, iron, calcium, and magnesium. Soluble orthophosphate is the primary 
phosphorus species affected by chemical addition employed to promote precipitation.  
Table 2.1 Removal approach per phosphorus species. (after Water Environment Federation, 2011) 
Species Common conversion or removal process 
• Organic-P Organic phosphorus can be converted to orthophosphate and 
polyphosphate; some organics degrade very slowly. 
• Orthophosphate Most abundant phosphorus species. Reactive species in chemical 
reactions and consumed in biological growth. 
• Polyphosphates Condensed orthophosphates. Possibly reacts with metal salts. 
Can be used for biological growth. 
• Chemical phosphorus Precipitated phosphates formed by reacting orthophosphate 
with metal salts, or precipitates. 
• Biological phosphorus Phosphorus incorporated into the biomass for growth. 
 
Many of the particles present in wastewater are colloids with net negative surface charge 
(Tchobanoglous et al., 2014). Under stable conditions, Brownian or random motion keeps the 
colloidal particles in suspension under continuous collisions (Bratby, 2006). Through coagulation, 
colloidal particles are destabilized. Thus, particle collisions will encourage the formation of 
aggregates through the agglomeration of particles that are within the colloidal size range. 
Coagulation for colloids destabilization, may be employed in several wastewater treatment 
operations for phosphorus removal by reducing both suspended solids and organic loads (IWA 
Publishing, 2018). The efficiency of chemically enhanced primary treatment through coagulation 
may be defined in terms of total suspended solids (TSS), biochemical oxygen demand (BOD), 
chemical oxygen demand (COD), nitrogen, and/or phosphorus removals. The main factors that 
will control the effectiveness of coagulation will be the temperature, sequence of chemical 
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addition, types of chemicals added, pH, and mixing speed. Under the properly selected conditions, 
it is feasible to achieve by chemical addition removals above 95% TSS, 65% COD, 50% BOD, 
20% nitrogen, and 95% phosphorus (IWA Publishing, 2018). The most widely used coagulants 
are divided into two main categories: coagulants based on aluminum and coagulants based on iron. 
The aluminum coagulants include aluminum sulfate (alum), aluminum chloride, and sodium 
aluminate. The iron coagulants include ferric sulfate, ferrous sulfate, ferric chloride and ferric 
chloride sulfate (Water Environment Federation, 2011). The potential precipitates and 
coprecipitates resulting from addition of specific chemicals addition used to encourage 
coagulation, are summarized in Table 2.2.  
Table 2.2 Potential precipitates and coprecipitates formed during phosphate removal. (after Water 
Environment Federation, 2011) 
Cation Precipitates 
Al3+ 
Aluminum phosphate (AlPO
4
) 
Aluminum hydroxide (Al(OH)
3
), Hydrous aluminum oxide (HAO) 
Fe2+ 
Vivianite (Fe3
2+
 (PO
4
) 2•8H2O) 
Ferrous hydroxide, hydrous ferric oxide (HFO) 
Ca2+ 
Tricalcium phosphate (Ca3(PO4) 2)  
Hydroxyapatite (Ca
5
(OH)(PO
4
) 3 
Dicalcium phosphate (CaHPO
4
) (DCP) 
Calcium carbonate (CaCO
3
) 
Mg2+ Struvite (MgNH4PO4•6H2O) 
 
Alum is the coagulant of choice of many domestic wastewater treatment applications, due 
to its clarification and sludge dewatering capabilities. Sludge produced from wastewater treated to 
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alum is even capable of behaving as chemical and physical conditioner, improving by these means 
the sewage sludge dewatering process (Li et al., 2015). The major disadvantages related to alum 
addition for phosphorus removal are that the process produces a high amount of sludge and the 
high costs associated with the chemical addition (Bratby, 2006).  
2.2. Enhanced Biological Phosphorus Removal 
Biological nutrient removal (BNR) and tertiary filtration are some of the employed 
techniques used to reach low effluent nutrient loadings by effectively removing inorganic and 
particulate nutrient species without the need of chemicals (Li and Brett, 2015). However, colloidal 
particles enclosing bound nitrogen or phosphorus might either resist degradation or remain through 
the treatment train (Galvagno et al., 2016). One widely used BNR approach to treat wastewater is 
the EBPR process, which is the preferred technology to remove phosphorus from wastewater 
(Münch & Barr, 2000). EBPR relies on the selection and propagation of phosphate-accumulating 
organisms (PAOs) that are capable of storing orthophosphate in excess of their biological growth 
requirements (Henze et al., 2008). As shown in Figure 2.1, the EBPR process consists of an 
anaerobic zone followed by an aerobic zone provided by a reactor configuration having a hydraulic 
retention time between 0.50 to 1.0 hour (Tchobanoglous et al., 2014). The anaerobic zone provides 
an environment free of oxygen to encourage the growth of PAOs. PAOs sequester organic 
compounds in the form of volatile fatty acids (VFAs) (e.g., acetic acid and propionic acid) via 
intracellular storage, as polyhydroxyalkanoates (PHA). The energy required for PHA storage is 
generated through breakdown of polyphosphate molecules, resulting in the release of phosphorus, 
magnesium, and potassium ions into the anaerobic zone (Water Environment Federation, 2011). 
Phosphorus is taken up in subsequent anoxic and aerobic zones and removed from the system in 
the WAS.  
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The PAOs competitive advantage over other microorganisms present in the anaerobic zone, 
is that they are capable to transporting and consuming VFAs as influent readily biodegradable 
chemical oxygen demand (rbCOD). PAOs use their stored phosphorus as polyphosphates as source 
of energy. The other heterotrophic bacteria present throughout the EBPR process are not capable 
of taking up the rbCOD because they need an electron acceptor (i.e. oxygen, nitrate, or nitrite) to 
provide energy for substrate utilization (Tchobanoglous et al., 2014). The fate of both the rbCOD 
and orthophosphate in an EBPR reactor is presented in Figure 2.1. The performance of the 
anaerobic zone can be affected by insufficient VFAs, recycle of dissolved oxygen (DO) or nitrate 
within the return activated sludge (RAS), and recycle of excessive phosphorus from sludge 
handling (Stone el al., 2015).  
 
Figure 2.1 Fate of rbCOD and Orthophosphate in an EBPR reactor. 
(after Tchobanoglous et al., 2014) 
In Florida, many WWTPs use the modified Bardenpho process, which consists of the 
sequence of anaerobic, first anoxic, aerobic, second anoxic, and reaeration zones with an internal 
recycle from the aerobic to first anoxic zone (Stone el al., 2015), as shown in Figure 2.2. The first 
anoxic zone functions as the main denitrification region when the mixed liquor return brings nitrate 
from the aerobic zone into contact with the influent BOD. In this zone, heterotrophic bacteria 
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convert the nitrate to nitrogen gas and consume a portion of the influent reduced carbon in the 
process. In the subsequent step, an aerobic zone provides the detention time and oxygen transfer 
required for oxidation of the influent organic compounds, nitrification, and phosphorus uptake. 
The PAOs take up the phosphorus released in the anaerobic zone while autotrophic bacteria 
convert the influent ammonia to nitrate and heterotrophic bacteria oxidize BOD. A second anoxic 
zone is integrated in some Florida WWTPs in order to meet stringent effluent nutrient regulations. 
This second anoxic zone is intended to supply a post-aeration denitrification step (Stone el al., 
2015). 
 
Figure 2.2 5-Stage Bardenpho for high nutrients removal. (after Tchobanoglous et al., 2014) 
2.3. Thermophilic Anaerobic Digestion 
In the anaerobic digestion (AD) process, the organic matter is broken down by a consortium 
of microorganisms in the absence of oxygen. When AD is employed to stabilize wastewater 
biosolids, it can significantly benefit the overall wastewater treatment plant operation (Galvano et 
al., 2016). These benefits are associated with the microorganisms present during the AD process, 
which are capable of degrading and stabilizing organic matter while generating biogas rich in 
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methane that can offset conventional petroleum-based energy, resulting in the reduction of carbon 
emissions (Verstraete et al., 2005). During AD, symbiotic relationships among different types of 
bacteria results in products generated by one group of bacteria serving as the substrates for the 
subsequent group. The main reactions happening inside the reactor are categorized within the 
following steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Bajpai, 2017), as 
described by Figure 2.3.  
 
Figure 2.3 Anaerobic digestion process taking place inside the reactor. (after Bajpai, 2017) 
Hydrolysis is the first stage of the AD process and generally considered the rate-limiting 
step (Haandel and van der Lubbe, 2007). In the hydrolysis step, large organic polymers and soluble 
organics are broken down by acidogenic bacteria into sugars, amino acids, and long-chain fatty 
acids (Rubia et al., 2012). Hydrolysis is then followed by the acidogenesis step, in which the 
products from hydrolysis are converted by acid-forming bacteria to higher organic acids that are 
successively transferred to acetic acid and hydrogen by acetogenic bacteria. (Ostrem, 2004). VFAs 
are produced by acidogenic bacteria along with ammonia, carbon dioxide, hydrogen sulfide, and 
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other by-products. The third stage in AD is acetogenesis, in which the VFAs and alcohols produced 
by acidogenesis are further digested by acetogens to produce acetic acid, carbon dioxide, and 
hydrogen. This conversion is mainly controlled by the partial pressure of hydrogen in the digester. 
Acetate and hydrogen both function as substrates for methanogenic microorganisms, which 
produce methane and carbon dioxide as part of their metabolism. 
AD can be performed at either mesophilic and thermophilic temperature ranges, in 
accordance with the optimal temperature range for the groups of anaerobic microorganisms 
performing the entire digestion process. The thermophilic range is considered to be between 48°C 
and 60°C, with the optimum temperature at 55°C, while the mesophilic process ranges between 
30°C and 43°C and has an optimum temperature of 35°C. The advantages and disadvantages 
associated with thermophilic anaerobic digestion against mesophilic anaerobic digestion of sewage 
sludge were addressed by de la Rubia et al. (2006) and are found in Table 2.3. 
Table 2.3 Advantages and disadvantages of thermophilic AD. (after de la Rubia et al., 2006) 
Advantages Disadvantages 
• Stable operation at higher organic loading 
rates and lower SRT 
• Large quantities of dissolved materials 
in supernatant  
• Higher rate of biogas production • Higher VFA accumulation 
• Higher VS reduction • Higher ammonia concentration 
• Higher pathogen reduction • Worse dewaterability 
• Smaller reactor volume   • Worse odor  
• Higher resistance to foaming • Higher energy input 
• Better dewaterability  • Poor process stability 
 
Thermophilic AD process is capable of reducing the sludge solids content, which reduces 
dewatered biosolids transportation and disposal-associated expenses. Also, through AD, organic 
matter will be degraded and stabilized to high-grade biosolids while producing biogas, a valuable 
energy source. A process consisting of a two-phase thermophilic-continuous-batch process 
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anaerobic digestion, it is capable of allowing higher loading rates and producing biosolids that 
meet the pathogen reduction requirements for class A biosolids (Iranpour et al., 2006).  However, 
during either aerobic or anaerobic sludge digestion, a significant fraction of the phosphorus 
contained in the sludge is released back into the liquid phase (Phillips et al., 2006; Marti et al., 
2010; Wilson et al., 2011).  
The problematic situation arises on how EBPR plants that use digestion for sludge 
treatment deal with the sidestreams returned to the headworks of the main treatment facility. 
Sidestream refers to the flow in WWTPs that originates from digested sludge dewatering 
equipment such as centrifuges or belt filter presses and that is rich in phosphorus and ammonia 
(Münch & Barr, 2000; Marti et al., 2008; Galvagno et al., 2016). This represents a significant 
inefficiency, which carries an economic cost when additional chemical and energy must be 
employed to remove the same nutrients that keeps recirculating throughout the process train.  
2.4. Struvite Precipitation 
2.4.1. Background 
Struvite crystals (MgNH
4
PO
4
•6H
2
O) are formed in oversaturated aqueous solutions with 
equal molar concentrations of magnesium (Mg2+), ammonium (NH4+), and orthophosphates 
(H2PO4, HPO4-, HPO42-, PO43-) when the ionic activity product in wastewater exceeds the solubility 
product of struvite (Tao et al., 2016). The typical abundance of phosphorus and ammonium in the 
sidestream can cause an uncontrolled deposition of struvite crystals in pipelines and bends, leading 
to an increase in pumping costs, reduction in the plant capacity, and occasionally, replacement of 
pipework (Ohlinger et al., 1999; Williams, 1999). Hence, the unrestrained precipitation of struvite 
has been typically considered as a nuisance in municipal WWTPs due to fouling problems 
(Ohlinger et al., 1998). However, the possibility of recovering the struvite and marketing it as a 
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fertilizer offers the opportunity of considering it a quality product (Uysal et al., 2010). 
Management of the sidestream high-nutrient loadings using struvite precipitation is an established 
technology that has been globally demonstrated at full scale (Münch and Barr, 2001). The process 
of precipitating struvite and producing a fertilizer has the potential to reduce global demand on 
phosphate rock reserves by 1.6% (Shu et al., 2006).  
Mg
2+
 + NH
4
+
 + PO
4
3-
 + 6H
2
O → MgNH
4
PO
4
 • 6H
2
O (s) Equation 2.1 
Struvite precipitates in a [1:1:1] molar ratio following the general reaction in Equation 2.1. 
The precipitation of struvite is controlled by different factors, such as the degree of saturation 
given by both the concentration of present chemical constituents and pH, the temperature, mixing 
intensity or turbulence, nucleation potential, as both induction and equilibrium times (Le Corre et 
al., 2009). The effects associated with these governing parameters are addressed in the following 
subsections.  
2.4.2. Concentration of Chemical Constituents  
Struvite crystals are likely to form when the ion activity product (IAP) in wastewater 
surpasses the solubility product of struvite. The struvite precipitation potential is typically 
represented in the literature by the supersaturation ratio, which depends on the solubility of 
struvite, the solution ionic strength, concentrations of struvite constituent ions, and temperature 
(Tchobanoglous et al., 2014). The solution superstation (Ω) will be defined by the ratio between 
the IAP and the struvite solubility constant (K
SP
), as shown by Equation 2.2. This relationship has 
been used as an indicator of struvite recovery potential in different studies (Bhuiyan and Mavinic, 
2008; Huchzermeier and Tao, 2012; Le Corre et al., 2009; Saidou et al., 2009; Sharp et al., 2013).  
The IAP for the formation of struvite can be defined as the product of the ion-forming 
activities, as shown in Equation 2.3. The notation {i} indicates the ionic activity of species i that 
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will be given by its activity coefficient (𝛾𝑖) multiplied by its molar concentration, which is 
specified by [i], as described by Equation 2.4 (Benjamin, 2015). 
Ω = IAP/𝐾𝑆𝑃 Equation 2.2 
IAP = {𝑀𝑔2+} ∗ {𝑁𝐻4
+} ∗ {𝑃𝑂4
3−} Equation 2.3 
IAP =  𝛾Mg2+ [𝑀𝑔
2+] ∗ 𝛾𝑁𝐻4+ [𝑁𝐻4
+] ∗ 𝛾𝑃𝑂43− [𝑃𝑂4
3−] Equation 2.4 
The activity of an ion i in a given system might be defined as the tendency of i to be 
consumed by a particular reaction. In order to quantify this tendency, an arbitrary system 
containing i is defined as a standard system and is assigned a reactivity value of 1.0. The reactivity 
of i in any other system is quantified by making a comparison with the standard system. If i is 
more reactive in the system of interest than in the standard system, its activity would be greater 
than one.  
The activity coefficient will represent the ratio of the activity per mole of i in a real system 
to the activity per mole in the reference state. 𝛾𝑖  will be function of the ionic strength (I), which 
represents the composite effect of all the present ions in a solution, as described by Equation 2.5. 
The ionic strength is calculated using Equation 2.6, where zi is the charge of ion i (Benjamin, 
2015). 
𝑙𝑜𝑔 (𝛾Davies) = −𝐴𝑧𝑖
2 (
√𝐼
1 + √𝐼
− 0.3𝐼) 𝑓𝑜𝑟 𝐼 < 0.5 Equation 2.5 
𝐼 =
1
2
∑ [𝑖] ∗ 𝑧𝑖
2
𝑎𝑙𝑙 𝑖𝑜𝑛𝑠
 Equation 2.6 
The struvite solubility constant, K
SP
 has been experimentally determined by different 
studies. Previously, this constant was estimated to be 10
-12.60
, which was the commonly used value 
in popular engineering water chemistry texts before 1963. However, today this is considered as an 
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apparent value, which was not amended for the effects of ionic strength (Ohlinger et al., 1998). 
Taylor et al. (1963a) reported the value of 10
-13.15 
which was derived by considering only one 
complex of magnesium phosphate. Subsequently, Burns and Finlayson (1982) determined the 
solubility constant for struvite to be 10
-13.12
 by considering the magnesium complexes. However, 
this study used an unreferenced stability constant. In1998, Ohlinger et al. (1998) found the K
SP to 
be 10
-13.26
 taking into consideration both the potential magnesium phosphate complexes and the 
ionic strength effects. In the study by Ohlinger et al. (1998) for the analysis of struvite aqueous 
system, the estimated K
SP value was valid for both anaerobic digestion and for post-digestion 
processes. Ohlinger et al. (1998) was also able to correct the stability constant based on 
temperature and ionic strength.  
In theory, a saturation ratio greater than one (Ω > 1) will indicate supersaturated conditions 
where struvite crystals may form. If the saturation ratio is equal to one (Ω = 1) at the end of the 
reaction, it means that equilibrium between solid and liquid phases has taken place. A saturation 
ratio being less than one (Ω < 1) suggests unsaturated conditions where it is not likely that struvite 
crystals will form (Celen et al., 2007). 
The relationship given for the solution supersaturation in Equation 2.2 provides more 
accuracy under equal molar concentrations of Mg
2+
, NH
4
+
, and PO
4
3-
. However, a limitation 
associated with Equation 2.2 is that it does not reflect struvite recovery capacity or the mass of 
struvite to potentially form, but simply represents the driving force of struvite formation (Tao et 
al., 2016). The actual amount of struvite that will form must be determined by the least molar 
activity of struvite component ions (Cervantes, 2009). At a fixed pH, the supersaturation ratio 
given for a solution affects the crystallization process by means of the induction time. Also, the 
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saturation ratio will influence the rate at which the struvite crystals are formed (LeCorre et al., 
2009). 
Ensuring the precipitation of proper chemical constituents to promote struvite crystals 
formation will involve closely controlling the concentration of chemical constituents, typically 
through their molar ratios, particularly between magnesium and phosphorus. This will often 
require addition of a magnesium source such as MgO, MgCl
2
•6H
2
O, or MgCl
2
 (Münch & Barr, 
2001; Choi, 2007). In cases where magnesium ion concentrations are high, further magnesium 
addition, which incurs higher costs, may not be necessary (Cervantes, 2009).  
Jaffer et al. (2002) found that at bench-scale, magnesium addition below the Mg:P molar 
ratio of 1.05:1 will result in a mixture of struvite and hydroxyapatite (Ca5(PO4)3(OH)). It was also 
determined by Jaffer et al. (2002) that at full scale, a magnesium to phosphorus dose of 1.3:1 is 
recommended to achieve a maximum of 97% phosphorus removal from the sidestream. A 
minimum of 90% P removal was observed by Fattah et al. (2008) by simultaneously increasing 
the magnesium molar ratio to 2.1 and raising the pH to 8.3. Jaffer et. al (2000) also indicated that 
at dosages above 3.4 millimoles (mmoles) of magnesium per mole of phosphorus, the phosphorus 
is likely to be removed solely as struvite. Furthermore, this study concluded that at higher doses 
of magnesium, phosphorus removal and magnesium usage will be similar if struvite is being 
precipitated. Table 2.4 presents a list of studies collected by Kataki et al. (2016) that treated diverse 
wastewater sources through struvite precipitation using different magnesium sources. This list 
shows that the operation of a struvite reactor over a 1:1 magnesium to phosphorus molar ratio and 
pH values above 7.6 is capable of successfully removing more than 50% of phosphate from 
wastewater. However, Table 2.4 also shows that there is a lack of information addressing the 
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performance of anaerobically digested EBPR sludge treated through struvite precipitation as 
function of the molar ratios or the pH (Kataki et al. 2016). 
Table 2.4 Phosphate recovery as function of pH and magnesium-to-phosphorus molar ratios. (after 
Kataki et al., 2016). 
Source 
Mg:P 
molar ratio 
pH 
Maximum 
phosphate 
recovery (%) 
Reference 
• Coke manufacturing 
wastewater  
1:1 10.5 99% Shin and Lee (1997) 
• Biologically treated 
swine wastewater 
1.3:1 9.6 76% Lee et al. (2003) 
• Wastewater from coke 
manufacturing process  
1:1 10.5 95% Shin and Lee (1997) 
• Sidestream from WWTP 
1.6:1 
2.2:1 
7.6 – 8.4 70% 
Matsumiya et al. 
(2000) 
• Biologically treated 
swine wastewater 
1.4:1 10.0 81% Lee et al. (2003) 
• Filtrate of wastewater 
sludge 
2.5:1 8.5 – 8.8 90% 
Quintana et al. 
(2004) 
• Piggery wastewater 2.5:1 8.0 – 8.5 96% Huan et al. (2011b) 
• Urine 2.7:1 8.8 99% Sakthivel et al. (2011) 
• Synthetic wastewater  1:1 8.0 100% Zewuhn et al. (2012) 
• Synthetic centrate 
2:1 
8:1 
8.0 – 8.5 55% 
Fattah and Ahmed 
(2013) 
• Supernatant of 
municipal sludge 
1:1 7.6 and 8.1 90% Lavah et al. (2013) 
 
2.4.3. pH  
Struvite solubility depends on the solution degree of saturation. The optimal precipitation 
pH range reported is between 8.0 and 10.5 range (Hao et al., 2008; Yetilmezsoy & Sapci-Zengin, 
2009; Shih et al., 2017). The effect of pH in terms of the shape, morphology, and purity of 
precipitate material was tested by Hao et al. (2008), reporting that the formation of impurities is 
likely to take place at or aver a pH of 9.0 in both ultra-pure and tap water solutions.  At a pH values 
above 10.5, Hao et al. (2008) also identified that struvite crystals would completely disappear. At 
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bench-scale, Jaffer et al. (2002) found that struvite can be formed rapidly by raising the pH to 9.0 
and by simultaneously increasing the magnesium to phosphorus ratio by magnesium addition to at 
least 1.05:1.   
Theoretically, based on the struvite solubility product constant, struvite solubility decreases 
as pH increases, hence it was established that the optimum pH for struvite to precipitate must be 
kept above 8 (Ohlinger et al., 1998; Shih et al., 2017). Tchobanoglous et al. (2014) also reported 
that increasing the pH will result in a decrease in struvite solubility, reaching a minimum solubility 
near a pH of 10.3, as illustrated in Figure 2.3. The struvite solubility limit curve shown in Figure 
2.3, can be used to establish whether struvite formation is likely to take place. The curve in Figure 
2.3 originates from the pKA values given for the dissociation in water at 25°C of NH4+, PO43-, and 
Mg2+ as shown in Equations 2.7, 2.8, and 2.9. According with these equations, in order to provide 
suitable saturation conditions to form struvite, the pH must be kept above 9.25 but below of 12.02 
and 10.74. The compromise zone takes place at a pH around 9.9 and 10.3. The pKA is defined as 
the logarithm of the reciprocal of the acidity constant, KA.  
NH3 + H+  ↔ NH4+ where pKA = 9.25 Equation 2.7 
PO43- + H+  ↔ HPO42- where pKA = 12.02 Equation 2.8 
Mg2+ + 2OH-  ↔ Mg(OH)2 where pKA = 10.74 Equation 2.9 
 
Figure 2.4 Struvite solubility limit curve for an ionic strength, I=0.1.  
(after Tchobanoglous et al., 2014) 
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In practice, struvite crystallizers do not operate at pH greater than 9.0 but between the range 
of 8.0 and 8.8. This range is typically selected based on the efforts to minimize the addition of 
chemicals, limit the degree of supersaturation, and control the potential formation of other solids. 
This optimum range is also often selected based on the phosphorus recovery efficiencies achieved 
which are consistently above 80% while accomplishing at the same time, a highly pure struvite 
product (Tchobanoglous et al., 2014).  
2.4.4. Temperature  
The molar ratios and the degree of supersaturation are the controlling parameters that can 
significantly affect the precipitation of struvite; however, temperature can affect both struvite 
solubility and crystal morphology (LeCorre et al., 2009; Jones, 2002). The effect of temperature 
in terms of the struvite solubility product was studied by Aage et al. (1997), showing that 
increasing the temperature from 10°C to 50°C induced an increase in solubility of struvite. Aage 
et al. (1997) also reported the alteration of struvite crystal structure in the range of 64°C to 67°C. 
Hence, since the solubility product might be correlated with how supersaturated a solution is, Aage 
et al. (1997) established that the precipitation of struvite is not likely to take place at higher 
temperatures. The effect of temperature on the solubility of anaerobically digested centrate was 
correlated in the same manner by Abel-Denee et al. (2018), finding that struvite precipitation will 
improve at lower temperatures. This offers a plausible explanation of why the majority of studies 
intended to study the struvite precipitation potential from either synthetic solutions or from real 
sidestreams fixed temperatures between 25°C and 35°C (LeCorre et al., 2009).  
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Figure 2.5 Solubility diagram as function of temperature for crystals growth. (after Jones, 2002) 
Jones (2002) investigated the effect of temperature in terms of struvite crystal growth as 
shown in Figure 2.4. This study demonstrated that operating the reactor at high temperature led to 
diffusion-controlled growth, while low temperature led to surface integration-controlled growth. 
Furthermore, the rate of crystal growth frequently increases at high temperature and can affect the 
crystals size, shape, and type (LeCorre et al., 2009). Babić-Ivančić et al. (2002) also found that the 
precipitate is likely to lack purity at high magnesium concentrations and high-temperature 
conditions when tested simultaneously. Hence, struvite reactors receiving thermophilically 
digested sludge centrate may need to incorporate a cooling system before feeding the struvite 
reactor to cool down the centrate, which will lead to additional expenses. 
The pKA for ammonium and phosphate can be described as function of the temperature to 
which the solution is being exposed to, as cited by Türker & Celen (2010) in Equation 2.10. In this 
case, T refers to the operational temperature in Kelvins and A, B, and C are empirical constants, 
which are defined in Table 2.5 for different pKA values. 
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𝑝𝐾𝐴 = (
𝐴
𝑇
) − 𝐵 + 𝐶 ∗ (𝑇) Equation 2.10 
Table 2.5 Values for pKA at 25°C for ammonium and phosphate. (after Türker & Celen, 2010) 
Specie pKA A B C 
NH
4
+
 9.25 2835.80 0.63 1.23E-03 
PO
4
3-
 
2.15 799.30 4.55 1.35E-02 
7.20 1979.50 5.35 1.98E-02 
12.02 Not determined. 
 
Several studies also reported the effect of temperature as function of the pKSP,
 
which is 
defined as the logarithm of the reciprocal of the solubility product constant, KSP. Different pKSP 
values for struvite were reported by Türker & Celen (2010) by either simulation or experimental 
setups at different operational temperatures. In Table 2.6 some of these pK
SP resulting values are 
shown next to their tested operational temperatures.  
Table 2.6 pKSP reported values as function of temperature. (after Türker & Celen, (2010) 
pK
SP
 T (°C) Origin Reference 
12.60 20 Simulation Loewenthal et al., 1994 
13.15 25 Aqueous solution Taylor et al., 1963 
13.26 25 Digester effluent Ohlinger, 1998 
11 - 12 37 Digester effluent Türker & Celen, 2010 
 
2.4.5. Mixing Energy and Turbulence 
Durrant et al. (1999) showed that the mixing energy affects the size of crystals formed as 
well as the nucleation rate. High mixing speeds may accelerate nucleation rates, thus limiting 
crystal growth. Durrant et al. (1999) also demonstrated that high mixing rates increase crystal 
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breakage in struvite crystallization reactors. Rahaman et al. (2008) explained that the induction 
time decreases as the mixing speed increases, as a result the nucleation of struvite increases. This 
study advises that once the nuclei are formed, struvite crystal growth on the existing nucleation 
sites is primarily controlled by the mixing energy. Thus, excessive mixing speed may cause the 
breakdown of the crystals, resulting in a reduction in settleability and removal of phosphorus 
(Rahaman et al., 2008). The results of this study indicated that mixing intensity did not have 
significant effects on the intrinsic kinetics of struvite precipitation at 70 and 100 RPM.  
Crystal growth rate experiments performed by Ohlinger et al. (1999) suggested that mixing 
energy changes were primarily responsible for controlling struvite growth rates in an operating, 
post digestion, facultative, sludge-storage lagoon. The struvite formed in a semi-quiescent 
environment was characterized by elongated crystals. Then, the struvite crystals produced in a 
high-mixing-energy environment were less elongated and more tightly packed. Ohlinger et al. 
(1999) found that the lowest crystal growth rate, 1.8 g/(m
2
d), occurred in the quiescent zone of the 
facultative, sludge-storage lagoon supernatant; a moderate growth rate, 4.0 g/(m
2
d), occurred in 
the area of moderate supernatant mixing; and a high growth rate, 22.4 g/(m
2
d), occurred in a high 
mixing energy environment (in the aerator splash zone). Mixing energy intensity correlated well 
with the struvite accumulation rate, indicating a transport-controlled process. 
2.4.6. Hydraulic Retention Time  
The hydraulic retention time (HRT), also known as induction time, is a measure of the 
average length of time that a soluble compound remains in a reactor. Ohlinger et al. (1999) defined 
their operational HRT as the time required from the initial mixing of the solution to the first visual 
indication of detectable precipitate. Furthermore, Ohlinger et al. (1999) determined that the 
induction time will be influenced by the activity-based supersaturation ratio and to a much lesser 
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degree, by the mixing energy. This study also stated that the induction period is dominated by 
reaction-controlled processes.  
In a study performed by Jaffer et al. (2002) using a bench-scale reactor fed from 
anaerobically digested centrate liquors together with magnesium chloride, it was found that an 
average influent flow rate of 20 mL/min (63% magnesium chloride) produced an HRT of 3 hours 
in which 97% phosphorus was removed as struvite. In the study performed by Münch & Barr 
(2001) at Mg:P of 5.6:1 and by one-vessel operation, short HRT (1 to 2 hours) were employed 
achieving an ortho-P removal of 94%. However, for those influent flowrates in the range of 20 to 
120 L/h, the P removal performance was independent of the HRT (Münch & Barr, 2001).  
Amini et al. (2017) selected an HRT of approximately 8 minutes for the anaerobically 
digested swine manure centrate treated through struvite precipitation. This induction time was 
preferred based on personal communications of the author with both Ostara® Nutrient Recovery 
Technologies Inc. and KEMA LLC in 2013. This study informed that 8 minutes is a common 
operational HRT for full-scale reactors. Amini et al. (2017) successfully removed about 80% of 
total phosphorus and approximately 49% of total nitrogen from the sidestream by maintaining a 
1:1 molar ratio between Mg:P.  
2.4.7. Nucleation   
Nucleation might be defined as the preliminary process that takes place in the formation of 
crystals, which occurs due to grouping and accumulation of ions, atoms, or molecules in a 
supersaturated solution (Jones, 2002).  
The nucleation process can be categorized as either primary nucleation or secondary 
nucleation (Jones, 2002; de Haan and Bosch, 2007). Primary nucleation might be homogenous or 
heterogeneous, meaning that it might happen spontaneously or be induced by foreign particles, 
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respectively. Secondary nucleation is induced seeding the solution with existing crystals.  This 
category includes contact with other crystals, shear due to fluid flow, fracture, and attrition due to 
particle impact (Jones, 2002). 
 
Figure 2.6 Nucleation mechanisms. (after Jones, 2002) 
Nucleation was demonstrated to be the controlling or rate-limiting step for struvite crystal 
formation during the induction period (Ohlinger et al., 1999). When seed is employed to promote 
nucleation, it will control the process by providing enough surface area, which will reduce the 
induction period for crystal development (Kataki et al., 2016). The removal of 82% (±9%) non-
reactive dissolved phosphorus (NRDP) from anaerobic digestion dewatering centrate using 
heterogeneous nucleation was successfully demonstrated by Abel-Denee et al. (2018). Speciation 
of NRDP showed that the dissolved polyphosphate fraction displayed a removal of 93% (±6%). 
Wang et al. (2006) also found that struvite powder (75 µm maximum diameter) employed as 
seeding material for a synthetic wastewater solution can significantly help increase crystal size and 
phosphorus removal by improving the settling characteristics in the struvite precipitation process. 
This study achieved five times higher phosphorus removal than the unseeded solution, under the 
same conditions.  
Nucleation
Primary
Homogenous - Requires high degree of supersaturation 
and highly purified media. Spontaneous in 
supersaturated solutions.
Heterogenous - Induced by foreign particles or surfaces. 
Secondary
Induced by crystals themselves. Microcrystals 
occurrence by interaction of macrocrystals of the same 
species together or with walls of the reactor. 
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Table 2.7 Different seed materials used for nucleation in struvite precipitation experiments. (after 
Kataki et al., 2016) 
Seed 
employed 
Source 
Seed size 
(𝝁m) 
Effect on struvite production Reference 
Struvite 
Synthetic liquor 1000 
Production of high-quality 
struvite. 
Regy et al. 
(2002) 
Synthetic liquor 
and Sludge from 
wastewater plant  
45-63 Crystals had similar shapes. Ali (2005) 
Landfill leachate  75-150 
Correlation between pH and 
seeding was observed.  
Kim et al. 
(2006) 
Synthetic liquor  
Not 
recorded 
Enhancement of crystallization 
by 19% at low P concentration. 
Increased crystal size and 
settle ability. 
Liu et al. 
(2008) 
Synthetic 
wastewaters  
Not 
recorded 
Reduction in induction time up 
to 75 min depending upon 
supersaturation. 
Liu et al. 
(2011) 
Fertilizer 
wastewater  
Not 
recorded 
Increase in rate of 
crystallization (by 21%) and 
size of crystal (from 1.72 to 
2.08 nm). 
Yu et al. 
(2013) 
Coarse sand Synthetic liquor  200–300 
No fixation of struvite on sand 
surface. 
Regy et al. 
(2002) 
Fine sand Synthetic liquor  150–200 
Strong primary nucleation and 
formation of fine struvite 
crystals. 
Regy et al. 
(2002) 
Borosilicate 
glass 
Synthetic liquor  45–63 
Slower reaction rate 
compared to struvite seed. 
Ali (2005) 
Sand 
grain/quartz 
particle 
Sludge liquor in 
wastewater plant  
210–350 
Recovery of 80% of P onto 
seed bed. 
Battistoni 
et al. 
(2000) 
Synthetic liquor  45–63 
Slower reaction rate 
compared to struvite seed. 
Ali (2005) 
 
Kataki et al. (2016) collected the types of seed employed to promote nucleation used in 
different studies. As seen in Table 2.7, more than half of these studies employed struvite seed as 
the secondary nucleation promoter. The table shows an improvement in the experiments 
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performance by using struvite seed for nucleation. Regy et al. (2002), Ali (2005), Battistoni et al. 
(2000), and Ali (2005) also tested the effect of assorted sand types. Their results show less 
consistency in obtaining high quality precipitate. Ali (2005) also tried borosilicate glass for 
nucleation, achieving slower reaction rates than when using struvite seed.  
2.4.8. Chemical Equilibrium  
In a chemical reaction, the state in which both reactants and products are present at 
concentrations that have no further tendency to change with time is defined as the chemical 
equilibrium (Benjamin, 2015). The progress of the reaction between magnesium, ammonium, and 
phosphate in order to form struvite has been investigated by several authors (Türker & Celen, 
2010; Lin et al., 2012; Abel-Denee et al., 2018). After reaching the induction time, Türker & Celen 
(2010) reported that the reaction will need to reach equilibrium, which will indicate the required 
time for the concentration of reactants and products to be kept constant throughout the reaction.  
In the study by Abel-Denee et al. (2018), the solution was mixed gently at 30 RPM for 5 
minutes and then allowed to settle for 30 min. After settling, the supernatant was sampled, and the 
results indicated that an average of 81.6% NRDP was removed from the centrate. Lin et al. (2012) 
stated that to avoid ammonia volatilization, samples stored in open conditions for periods longer 
than three days should be avoided.  
2.4.9. Interference of Foreign Species  
Anaerobic digester centrate is typically obtained on-site through mechanical processes 
such as screw press separator, centrifugal decanter, or belt filter (Tao et al., 2016). The main reason 
to remove foreign species from the sidestream is that the presence of TSS above 1.0 g/L, will 
interfere with the precipitation of struvite crystals (Schuiling and Andrade, 1999). Other studies 
(Shen et al., 2011; Moller et al., 2008; Tao et al., 2016) that addressed the consequences of having 
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high suspended solids concentrations in anaerobically digested dairy manure reported that 
pretreatment for TSS reduction is necessary prior to struvite recovery, allowing easier manure 
handling and storage. High concentrations of TSS can also affect struvite formation at values above 
1,000 mg/L (Alp, 2010). 
The ionic strength increases as the number of dissolved constituents is augmented after 
chemicals addition such as sodium hydroxide (NaOH) and magnesium chloride (MgCl
2
), which 
are introduced to raise both the pH and the magnesium molar ratios, respectively. As a 
consequence, electrostatic interactions between struvite component ions and the other dissolved 
ions in solution, will increase as well. These interactions will reduce the ionic activities of struvite 
component ions and then raise struvite solubility (Le Corre et al., 2009). Furthermore, the presence 
of ions in solution other than NH
4
+
, Mg
2+
, and PO
4
3-
can extend the induction time and adversely 
affect the growth rate of struvite crystals once formed (Le Corre et al., 2005). These non-struvite 
ions might be considered as impurities which inhibit active growth sites by adsorption to crystal 
surfaces, preventing crystal growth (Le Corre et al., 2009).  
The influence of calcium on the crystallization of pure struvite has been reported in several 
studies (Le Corre et al., 2005; Wang et al., 2005; Harris et al., 2008; Huchzermeier & Tao, 2012; 
Qureshi et al., 2008; Zhang et al., 2010; Tao et al., 2016), which established that increasing calcium 
concentrations inhibited struvite growth by competing for orthophosphate ions to form amorphous 
hydroxylapatite and calcium phosphate precipitates. Furthermore, the presence of calcium and 
carbonate ions negatively affected struvite crystal growth rate, extending the induction time prior 
to the first occurrence of crystals (Koutsoukos et al., 2007). Particularly, Wang et al. (2005) found 
that at a calcium-to-magnesium molar ratio of 2:1, an amorphous calcium phosphate precipitated 
on the struvite surface, negatively affecting the struvite crystal growth.  
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Le Corre et al. (2009) reported that in those cases in which the molar ratio between calcium 
and magnesium was above one, calcium ions bond with phosphate or with carbonate ions to form 
calcium phosphates, such as hydroxyapatite or calcium carbonates, according with Equation 2.9 
and Equation 2.10.  
5 Ca
2+ 
+ 3 PO
4
3- 
+ H
2
O ↔ Ca
5 
(PO
4
)
3 
OH + H
+ Equation 2.9 
Ca
2+ 
+ CO
3
2- 
↔ CaCO
3
 Equation 2.10 
Previously, Hwang & Choi (1998) established that for effective struvite formation, the ratio 
of calcium to magnesium should be less than 1. Then, Mustovo et al. (2000) found that the Mg:Ca 
molar ratios should be greater than 0.6 for effective struvite precipitation. Battistoni et al. (1998) 
also identified that the crystallization of calcium phosphates might be negatively affected by the 
presence of high magnesium concentrations in the Mg:Ca ratio greater than 1.3. Potassium ions 
can also compete for phosphate ions, resulting in the formation of K-struvite (KMgPO46H2O). 
The K-struvite optimum pH is between 9 and 10. Therefore, the competition of ammonium with 
potassium may be observed during ammonium removal from potassium-rich wastewaters like for 
example, dairy manure at high pH values (Cervantes, 2009).   
 
 31 
 
 
 
 
 
CHAPTER 3: MATERIALS AND METHODS 
This chapter describes the materials and methods employed in the experiments performed 
to achieve the research objectives. 
3.1. Background 
The proposed approach for the recovery of nutrients from anaerobically digested EBPR 
sludge was performed at bench scale in the Environmental Engineering laboratory at the University 
of South Florida (USF). The overall goal of the executed experiments was to investigate the 
feasibility of recovering phosphorus and nitrogen in the form of struvite from EBPR sidestreams. 
Therefore, the following sections describe the operation of the bench-scale system as well as the 
significance of the parameters measured. A schematic of the proposed process train, which 
incorporates the reactor for struvite precipitation to treat the sidestream, is shown in Figure 3.1. 
 
Figure 3.1 Anaerobically digested EBPR sludge treated through struvite precipitation. 
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3.2. Anaerobic Digester 
A 30-liter pilot-scale anaerobic digester with a working volume of 24 liters, an organic 
loading rate of 1.4 kg VSS/(m3•d), and HRT of 20 days, was operated in the laboratory by 
Nadezhda Zalivina under thermophilic conditions (55±2°C) for more than one year. Further details 
about the pilot digester are given elsewhere (Zalivina et al., 2017). Briefly, dewatered WAS was 
collected weekly from the Falkenburg Advanced Wastewater Treatment Plant (FAWWTP) located 
in Brandon, Florida. Then, it was diluted with effluent from the secondary clarifier to produce a 
3% (by mass) volatile solids (VS) concentration feed sludge, which is representative of a typical 
digester feed stream (Tchobanoglous et al. 2014).  The feed was introduced into the digester and 
mixed using a Masterflex L/S pump (Cole Parmer, Vernon Hills, IL). Feeding and wasting were 
conducted manually three times per week for 190 days and later changed to daily feeding for 110 
days, to test the impact of feeding frequency. Before each feeding, the sludge was warmed to 55°C 
for several hours to prevent methanogens from experiencing drastic changes in temperature. The 
digester was heated using a water bath heat exchanger and two electric heating pads. The quality 
of the digester influent and effluent together with the volume and composition of the biogas 
produced by the anaerobic digestion were monitored. The effluent centrate from the thermophilic 
anaerobic digester after dewatering was the influent to the struvite precipitation reactor. 
3.3. Struvite Precipitation  
Batch tests were performed to determine the best conditions under which anaerobically 
digested EBPR sludge could be treated through struvite precipitation. A schematic of the 
experimental set up for the bench-scale precipitation process is shown in Figure 3.2. The controlled 
parameters were the molar ratio between magnesium and phosphate ([Mg2+:PO43-]), pH, mixing 
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speed, HRT, and the amount of commercially produced struvite seed added, which was employed 
to promote struvite crystals secondary nucleation.  
 
Figure 3.2 Schematic of the bench scale experimental setup to precipitate struvite. 
The process consisted of taking fresh effluent from the thermophilic anaerobic digester and 
centrifuging it for 30 minutes at 5000 RPM using a Thermoscientific Sorvall Legend RT Plus 
(Waltham, MA) centrifuge to remove biosolids. Precipitation was performed on the supernatant in 
approximately 1-liter well-mixed batch reactor using a glass beaker. The reactor was seeded with 
commercially produced struvite from Ostara® Nutrient Recovery Technologies Inc. The seed has 
a size guide number (SGN) equal to 150. The SGN is related to the diameter in millimeters of the 
median granule size, multiplied by 100. The centrate from the anaerobic digester was amended 
with MgCl2•6H2O. The MgCl2•6H2O stock solution concentration was 50 grams per liter.  The pH 
of the centrate was raised by 2N NaOH addition and monitored at all times. Mixing was achieved 
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using a magnetic stir bar (Octagon VWR® Spinbar®) to thoroughly mix the particles during the 
induction time. After precipitation, the reactor contents were allowed to settle for approximately 
10 minutes and centrifuged for 30 minutes at 5000 RPM, to remove solid precipitates from the 
solution. The experimental schedule is shown in Table 3.1 and Table 3.2.   
Table 3.1 Tested parameters, ranges, and dates on which experiments were performed. 
Tested Parameter Tested Conditions Steady Conditions Date 
Stoichiometric 
molar ratio, 
[Mg2+:PO43-] 
(1) 1.1 
(2) 0.8 
(3) 1.6 
(4) 2.1 
(5) 1.9 
(6) 2.3 
(7) 2.7 
(8) 1.0 
(9) 2.0 
(10) 2.0 
(11) 2.0 
(12) 3.2 
(13) 3.0 
(14) 3.8 
(15) 4.1 
(16) 4.0 
pH= 8.5  
Mixing speed= 300 RPM 
HRT= 8 mins. 
Seed=1 g/L  
 
 
(1) 02/27/2017 
(2) 02/27/2017 
(3) 02/27/2017 
(4) 02/27/2017 
(5) 08/21/2017 
(6) 08/21/2017 
(7) 08/21/2017 
(8) 10/02/2017 
(9) 10/02/2017 
(10) 10/06/2017 
(11) 10/06/2017 
(12) 11/06/2017 
(13) 11/08/2017 
(14) 11/15/2017 
(15) 11/29/2017 
(16) 12/12/2017 
pH (1) 9.5 
(2) 9.0 
(3) 8.5 
(4) 9.5 
(5) 9.5 
(6) 9.0 
(7) 9.0 
(8) 8.5 
(9) 8.5 
Mg2+:PO43- = 1.6 - 2.0 
Mixing speed= 300 RPM 
HRT= 8 mins. 
Seed=1 g/L  
(1) 02/27/2017 
(2) 04/07/2017 
(3) 05/01/2017 
(4) 06/02/2017 
(5) 06/13/2017 
(6) 08/29/2017 
(7) 08/30/2017 
(8) 09/08/2017 
(9) 09/22/2017 
Mixing speed  
(RPM) 
(1) 150 
(2) 300 
(3) 700 
(4) 700 
(5) 150 
(6) 300 
Mg2+:PO43- = 3.0 – 4.0 
pH= 8.7 – 8.8  
HRT= 8 mins. 
Seed=1 g/L  
(1) 03/06/2017 
(2) 03/06/2017 
(3) 09/08/2017 
(4) 09/08/2017 
(5) 11/15/2017 
(6) 11/29/2017 
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Table 3.1 (Continued) 
Tested Parameter Tested Conditions Steady Conditions Date 
HRT  
(minutes) 
(1) 8.0 
(2) 20.0 
(3) 8.0 
(4) 8.0 
(5) 20.0 
(6) 20.0 
Mg2+:PO43- = 3.0 - 3.6  
pH=8.5  
Mixing speed= 300 RPM 
Seed=1 g/L  
(1) 10/10/2017 
(2) 10/10/2017 
(3) 10/30/2017 
(4) 10/30/2017 
(5) 11/01/2017 
(6) 11/02/2017 
Seed quantity  
(SGN = 150)  
(g/L) 
(1) 0.0 
(2) 0.0 
(3) 1.0 
(4) 1.0 
(5) 5.0 
(6) 10.0 
(7) 1.0 
(8) 1.0 
(9) 10.0 
(10) 5.0 
(11) 5.0 
(12) 5.0 
(13) 10.0 
(14) 10.0 
(15) 10.0 
Mg2+:PO43- = 1.6 – 2.0 
pH= 8.5  
Mixing speed= 300 RPM 
HRT= 8 mins. 
(1) 03/24/2017 
(2) 06/02/2017 
(3) 08/18/2017 
(4) 08/18/2017 
(5) 08/28/2017 
(6) 09/06/2017 
(7) 09/20/2017 
(8) 09/26/2017 
(9) 09/26/2017 
(10) 10/02/2017 
(11) 10/02/2017 
(12) 10/02/2017 
(13) 10/02/2017 
(14) 10/06/2017 
(15) 10/06/2017 
 
Table 3.2 Dates on which the selected parameters per batch tests were tested. 
Selected parameters Date 
Mg2+:PO43- = 3.0 – 4.0 
pH= 8.5 
Mixing speed= 300 RPM 
HRT= 8 mins. 
Seed Quantity = 1g/L 
(1) 01/04/2018 
(2) 01/09/2018 
(3) 01/16/2018 
(4) 01/23/2018 
 
3.4. Analytical Methods  
Concentrations of major cations (Na+, NH4+, K+, Ca2+, Mg2+) were determined by ion 
chromatography (IC) (APHA, 2012) in the sidestream, before and after chemical precipitation. IC 
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samples were filtered using Fisher brand 0.45 μm syringe filters. A Metrohm 881 Compact IC pro 
(Riverview, FL) was used for the IC analyses. The standards used for the IC analysis include 
concentrations of 1.0, 2.5, 5.0, 15, 50, and 100 mg/L for all cations. The cation eluent consisted of 
1.7 mM nitric acid and 0.7 mM dipicolinic acid (pyridine-2,6-dicarboxylic acid) at 32°C with a 
flow rate of 0.9 mL/min. Sample injection volumes were 20 μL. The samples were measured for 
pH using a Thermoscientific Orion 5-star pH meter (Waltham, MA). Soluble reactive P was 
measured after filtration using a Fisher brand (Waltham, MA) 0.45 μm syringe filter by HACH® 
Method 10209 using the TNT 845 Ultra High Range test kits. All samples were diluted to the 
appropriate range. 
The chemical composition of collected solids after removing the struvite seed, was 
analyzed via powder X-ray diffraction (PXRD). PXRD analysis was employed to identify the 
mineral precipitate that was collected after four days of experimentation. The procedure was 
performed by Gaurav Verma (Ph.D. candidate) using the equipment at the X-ray Facility and Solid 
State Characterization Core Laboratory in the Department of Chemistry at the University of South 
Florida. The sample for PXRD analysis was collected at room temperature and analyzed using a 
Bruker D8 Advance theta-2theta diffractometer with copper radiation (Cu Kα, λ = 1.5406 Å) and 
a secondary monochromator operating at 40 kV and 40 mA, whereby samples were measured 
between 10° and 90° at 2 s/step and step size of 0.02°. 
3.5. Visual MINTEQ   
The effect of temperature and pH on the sample saturation index were investigated using 
the Visual MINTEQ equilibrium speciation model. Visual MINTEQ allows the user to put in the 
initial concentrations of the ions present in solution (ci), enter the solution temperature and pH to 
identify potential solid phases that may precipitate from solution. As part of this study, a possible 
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solid phase in Visual MINTEQ was defined for struvite.  Visual MINTEQ defines a possible solid 
phase as a solid that is not present initially but that may precipitate during the simulation if Visual 
MINTEQ finds that the solution is supersaturated with respect to that solid. Visual MINTEQ 
calculated the solution supersaturation potential utilizing the approach described in Table 3.2 and 
identified undersaturated values in blue fonts, supersaturated values in red fonts, and species in 
equilibrium using green fonts. Visual MINTEQ was the selected approach to compare the results 
obtained in the laboratory with the expected ones by the model with respect to pH. The effect of 
temperature was only investigated through the modelling approach.  
Table 3.3 Visual MINTEQ approach to determine the solution supersaturation potential. 
Equation Name Formula 
Solution Superstation Potential (Ω) 
 
 
 
Saturation Index (SI) 
Ω = IAP/KSP  
Ω > 1 : Supersaturation 
Ω = 1 : Equilibrium 
Ω < 1 : Unsaturation 
SI = log(Ω) 
Struvite Solubility Product (KSP)  10-13.26 (Ohlinger et al.,1999) 
Ion Activity Product (IAP) 
{i}: Activity of ion i 
[i]: Molar Concentration of ion i 
IAP = {Mg2+} *{NH4+} *{PO43-}  
IAP = 𝛾𝑀𝑔2+ [Mg
2+] * 𝛾𝑁𝐻4+ [NH4
+] * 𝛾𝑃𝑂43− [PO4
3-] 
Activity Coefficient (𝜸𝒊) per Davies 
Equation 
A: temperature dependent constant  
zi: charge of ion i 
 I: Ionic strength  
𝑙𝑜𝑔 (𝛾Davies) = −𝐴𝑧𝑖
2(
√𝐼
1 + √𝐼
− 0.3𝐼) 
For I < 0.5 
Ionic Strength (I)  𝐼 =
1
2
∗ ∑[𝑖] ∗ 𝑧𝑖
2 
Temperature dependent constant (A) 
𝜀: dielectric constant, for water is 80 
(unitless) 
T: temperature (K) 
𝐴 = 1.82 ∗ 106(𝜀𝑇)−3/2 
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 The process in Visual MINTEQ consisted of entering the components present in the 
sidestream and specify the corresponding concentration units. The average sidestream 
concentrations entered in Visual MINTEQ are further addressed in Chapter 4. The pH and 
temperature were fixed and the simulation was executed. The corresponding saturation indexes for 
struvite obtained at the pH values from 7.0 to 12.0 at 25°C were obtained. The procedure was then 
repeated for the temperatures between 0°C and 45°C at a fixed pH of 8.5. The relationships 
between both the pH and temperature with the saturation index were described in terms of the 
corresponding regression.  
A limitation of Visual MINTEQ is that it does not account for the kinetics of chemical 
reactions. Hence, I decided to remove slow-forming minerals from the database since struvite 
precipitation is carried out at short HRT. If the induction time of other potential precipitates given 
by Visual MINTEQ, was found to be on the order of hours or days, the mineral was manually 
excluded from the results. In the same manner, if supplementary information was found in the 
literature that contradicted an output precipitated species given by the simulation, the species were 
manually excluded from the database, as further explained in Chapter 4.  
3.6. Oneway Analysis of Variance 
The Oneway Analysis of Variance (ANOVA) was performed in this research using JMP® 
data analysis software for the effluent concentrations of ions in the centrate, after performing the 
struvite precipitation experiment. ANOVA tests the statistical significance of mean differences 
among different groups of scores. If a difference between means is statistically significant, the 
difference is expected to reappear when the study is replicated. A nonsignificant difference implies 
that the mean differences that exist in the sample data occurred randomly and that is not likely to 
reappear if the experiment is repeated.  
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In ANOVA, the calculations proceed by first, getting the sum of squares (SS) which is the 
sum of squared differences between two individual elements. The partition of total variance is 
described in Equation 3.1 and in this notation, the total sum of squares (SST) is partitioned into a 
sum of squares for the independent variable A (SSA) and the sum of squares of error (SSS/A). SST is 
defined as the sum of squared differences between scores and the grand mean. SSA is expressed as 
the sum of squared deviations between each group mean and the grand mean. SSS/A is computed as 
the sum of squared deviations between each score and its group mean, summed over all groups. 
The formulas employed in ANOVA to calculate the corresponding SS are found in the second 
column in Table 3.4. In this case, Y is used to designate a single score value and T describes the 
grand total of single scores which is the sum of all Y values. The degrees of freedom partition the 
same way as do the sums of squares and are calculated as described in Equation 3.2. The total 
degrees of freedom will be the total number of scores (N) minus the number of groups (a). N is 
defined as a times the number as scores in each group (n) as further described by Equation 3.3.  
𝑆𝑆𝑇 =  𝑆𝑆𝐴 + 𝑆𝑆𝑆/𝐴 Equation 3.1 
𝑑𝑓𝑇 =  𝑑𝑓𝐴 + 𝑑𝑓𝑆/𝐴 Equation 3.2 
𝑁 = 𝑎𝑛 Equation 3.3 
The variance in ANOVA is called the mean square (MS) and is calculated by getting the 
averaged sum of squares that are obtained by dividing the sum of squares by the corresponding 
degrees of freedom (df). ANOVA produces three variances: one related to the total variability 
among scores (MST), one associated to variability between groups (MSA), and one variability within 
groups (MSS/A). The F distribution is a sampling distribution of the ratio of two of these variances. 
In ANOVA, MSA and MSS/A will provide the variance for the F Ratio that will be compared with 
the fixed significance level (P-Value) to test the null hypothesis that the populations means are 
 40 
equal for the obtained means values within a group (Tabachnick & Fidell, 2007). The selected 
significance level was 0.05 denoted as the alpha value (α) which gives a confidence level of 95%. 
If the P-Value is less than or equal to the significance level then not all of population means are 
equal and that some of the means are statistically significant. However, if the P-Value is greater 
than the significance level then not enough evidence is available to reject the null hypothesis that 
the population means are all equal. Thus, the differences between the means are not statistically 
significant for a P-Value greater than the significance level. The null hypothesis is that there are 
no differences between the population means. The Oneway ANOVA specified whether any of the 
differences between the means associated with the concentrations of ions measured in the sample 
after performing the experiments, are statistically significant. The equations that describe the 
approach employed by Oneway ANOVA to calculate the F ratio are found in Table 3.4.  
Table 3.4 Calculations for Oneway ANOVA 
Source SS df MS F Ratio 
A 𝑆𝑆𝐴 =
∑ 𝐴2
𝑛
−
𝑇2
𝑎𝑛
 𝑑𝑓𝐴 = 𝑎 − 1 𝑀𝑆𝐴 =
𝑆𝑆𝐴
𝑑𝑓𝐴
 
𝐹 =
𝑀𝑆𝐴
𝑀𝑆𝑆/𝐴
 
 
S/A 𝑆𝑆𝑆/𝐴 = ∑ 𝑌
2 −
∑ 𝐴2
𝑛
 𝑑𝑓𝑆/𝐴 = 𝑁 − 𝑎 𝑀𝑆𝑆/𝐴 =
𝑆𝑆𝑆/𝐴
𝑑𝑓𝑆/𝐴
 
T 𝑆𝑆𝑇 = ∑ 𝑌
2 −
𝑇2
𝑎𝑛
 𝑑𝑓𝑇 = 𝑎𝑛 − 1 
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CHAPTER 4: RESULTS AND DISCUSSION 
This chapter presents and discusses the results of the experiments and simulations 
performed to investigate different possible operating conditions under which struvite could be 
precipitated from anaerobically digested EBPR sludge from Falkenburg Advanced Wastewater 
Treatment Plant (FAWWTP). The tested parameters were the magnesium-to-phosphate molar 
ratio, pH, mixing speed, seed quantity employed for nucleation, and HRT. Additionally, the effect 
of temperature and pH were investigated using Visual MINTEQ simulations.   
4.1. Anaerobic Digestion  
 The anaerobic digester was operated and monitored by Nadezhda Zalivina (Zalivina et al., 
2017). Zalivina et al. (2017) reported that the reduction of VS in the thermophilic anaerobic 
digester fed with WAS was approximately 25% on average, which is lower than the range of 38% 
to 43% reported in previous literature (Gianico et al., 2013).  Moreover, de la Rubia et al. (2006) 
and Ferrer et al. (2010) observed a 40% to 53% VS reduction in a thermophilic digester fed with 
a mixture of pre-thickened primary and secondary WAS. The lower VS reduction was likely to be 
due to the long SRT at FAWWTP, which resulted in WAS with very low bioavailable organic 
carbon (Zalivina et al., 2017).  
 The methane content of the produced biogas was 64±2%, which is within a typical reported 
range of 60% to 70% (Ferrer et al., 2010).  Based on the measured volume of the biogas and its 
methane composition as well as the observed VS reduction, the calculated specific methane yield 
(at an organic loading rate of 1.4 kg VSS/m3•d) was 0.25±0.02 m3 CH4 produced per kg VS added. 
The lower VS reduction and methane yield observed in this study when compared with the ones 
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found in the literature (Ferrer et al., 2010; Gianico et al., 2013) can be explained by the high sludge 
age (25–30 days) of WAS used as a feed to the laboratory reactor, which is typical of oxidation 
ditch systems (Zalivina et al., 2017).  Based on 36 megajoules per cubic meter of methane (MJ/m3 
CH4) as the assumed heat value of methane, the results indicated that an average power production 
of 2.3 Watts will be obtained for a 24-L digester. The discussed values observed during low and 
high feeding frequencies are summarized in Table 4.1, together with the typical values reported in 
the literature.  
Table 4.1 Summary of results from anaerobic digestion of FAWWTP WAS. 
Parameter 
Value observed during 
period of low feeding 
frequency 
Value observed during 
period of high feeding 
frequency 
Typical values 
reported in prior 
literature 
Reduction of 
volatile solids 
24% 25% 35–65% 
Biogas production 
(L/d) 
11.5 10.4 - 
Methane content 
of biogas 
65% 64% 60–70% 
Methane yield  
(mL CH4 produced 
per g VS added) 
267 241 > 300 
  
 On average, Zalivina et al. (2017) found that an overall average concentration of 1,550 
mg/L NH4+ (as N) was released into the digester effluent.  Furthermore, since the digester was fed 
with EBPR sludge with high P content, a release of about 220 mg/L PO43- (as P) was also observed. 
Thus, high concentrations of both nitrogen and phosphorus in the effluent of the thermophilic 
anaerobic digester made them available for nutrient recovery via struvite precipitation, which is 
further addressed in the following section. 
 43 
4.2. Struvite Precipitation 
The results associated with the effect of increasing the molar ratio from magnesium-to-
phosphate, raising the pH, use different mixing speeds and HRT, together with the amount of seed 
employed to promote nucleation, are presented and discussed in this section.  
4.2.1. Effect of [Mg2+:PO43-] Molar Ratio 
As shown in Figure 4.1 (A), the greatest amount of phosphate removed in the sample was 
at a [Mg2+:PO43-] molar ratio of 4.0. Figure 4.1 (A) also shows that additionally 1.0, 2.0, and 3.0 
molar ratios were tested. These results indicated that operating the struvite reactor at molar ratios 
above 1.0 will produce phosphate removals between 5 and 8 millimoles of phosphate per liter of 
sample.  The Mg2+ to PO43- molar ratio was eventually increased from 2.0 to 3.0 as consequence 
of observed significant lower phosphate removals. The PO43- removals from the centrate were 
fairly constant at molar ratios between 3.0 and 4.0. At these molar ratios, the process was capable 
of steadily removing between 8 and 10 millimoles of phosphate per liter of sample. FAWWTP 
employs Thioguard®, which is a brand name of a magnesium hydroxide solution (53 to 61 weight 
%), for odor control in the wastewater collection system (personal communication with Beth 
Schinella- Hillsborough County Division Director, 2018). If that magnesium was bound with other 
chemicals before precipitation, it means that magnesium was present in the centrate but unable to 
precipitate as struvite. Hence, although we observed that the initial magnesium concentrations in 
the sidestream increased over time likely due Thioguard® addition, it is likely that this magnesium 
was not available to bind with phosphate and ammonium to form struvite. As a result, an increment 
in Mg2+ to PO43- molar ratio was required to maintain phosphate removals. The use of Thioguard® 
may also have a negative impact on downstream UV disinfection processes at FAWWTP as high 
hardness has been shown to cause fouling of quartz sleeves housing UV lamps (Nessim & Gehr, 
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2006; Water Environment Federation, 1996). The fouling significantly reduces UV light efficiency 
if no periodic cleaning is implemented. However, investigation of this issue was outside the scope 
of this study. 
In Figure 4.1 (B), ammonium displayed random removals as function of changing the Mg2+ 
to PO43- molar ratios. A maximum removal of about 70 millimoles of NH4+ per liter of sample was 
achieved operating the reactor at a Mg2+ to PO43- molar ratio between 2 and 3.  
Magnesium removals showed steady results at Mg2+ to PO43- molar ratios between 3 and 
4, as shown in Figure 4.1 (C). In this range, the removals were maintained between 2 and 6 
millimoles of magnesium per liter of sample. At Mg2+ to PO43- molar ratios between 2 and 3, no 
removal of magnesium was achieved. In fact, the concentration of magnesium in the centrate 
increased, probably due to the added struvite seed for nucleation. It is likely that the added seed 
dissolved and contributed to a release of magnesium and ammonium into the centrate.  However, 
the ANOVA indicated that the difference in results among the tested [Mg2+:PO43-] molar ratios 
was not statistically significant for the removals of ammonium, calcium, and magnesium from the 
centrate, as shown in Table 4.2. This indicates that even when major differences in removals were 
observed for each individual tested molar ratio, no significant variances within the overall set of 
results was observed in the 95% confidence level. However, a visual inspection of the data shows 
significant variabilities within the results even though ANOVA indicated insignificant differences. 
The results also shown a visible pattern between the data in Figures (A), (B), and (C). This is likely 
to be correlated with the variability in influent concentrations into the struvite reactor during 
February and December 2017 that negatively affected the experiment stability and performance. 
Given these highly variable influent concentrations, ANOVA will require larger data sets to 
accurately show whether the variance found in results is significant or not.  
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Table 4.2 Results for the ANOVA obtained for the [Mg2+:PO43-] molar ratios. 
Ion F Ratio (F) P-Value 
P > α 
(Yes/No) 
• NH4+ 1.0590 0.4026 Yes 
• Mg2+ 1.4106 0.2877 Yes 
• PO43- 3.8398 0.0387* No 
• Ca2+ 0.8363 0.4995 Yes 
 
 
 
Figure 4.1 Effect of [Mg2+:PO43-] molar ratio in the average millimoles removed from the 
centrate of phosphate, ammonium, and magnesium. 
4.2.2. Effect of pH 
A maximum removal of approximately 10.2 millimoles of phosphate per liter of sample 
was achieved at a pH of 8.5. The minimum PO43- removed was 4.9 millimoles of phosphate per 
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liter of sample at a pH of 9.5. As shown in Figure 4.2 (A), no visible significant relationship 
between the removal of PO43- from the sidestream and pH was established.  
 Figure 4.2 (B) shows a positive relationship between the amount of ammonium removed 
from the centrate and pH. A maximum of approximately 56 millimoles of NH4+ per liter of sample 
was removed from the centrate at a pH of 9.5. The experiment removed a maximum of 50 
millimoles of ammonium from the centrate operating at the lower pH of 8.5. Ammonium removals 
increased with increasing pH most likely due to volatilization. This could be also explained as the 
solubility of struvite, which decreases with supersaturating the sample by increasing the pH (Jaffer 
et al., 2002). 
 In terms of magnesium, Figure 4.3 (C) shows random behavior, with removals around 6 
and 19 millimoles of Mg2+ per liter of sample at the different tested pH values. This suggests that 
the precipitate was not pure struvite. Under the appropriate controlled conditions, while the pH is 
being raised, the sample supersaturates, and insoluble struvite starts forming. However, if other 
species rather than struvite precipitate, like calcium phosphate for example, then phosphate will 
be removed but not as struvite. However, these results could also be associated with changes in 
the quality of the sidestream since these tests were performed on different dates between February 
and September 2017.  
The statistical results given by ANOVA for the pH suggests that the main species to 
contribute to struvite being precipitated, ammonium, magnesium, and phosphate, are statistically 
stable within the tested pH values of 8.5, 9.0, and 9.5, as shown in Tables 4.3. This is consistent 
with the literature, which identified the optimal precipitation pH range between 8.0 and 10.5 (Hao 
et al., 2008; Yetilmezsoy & Sapci-Zengin, 2009; Shih et al., 2017). It can be implied that within 
the tested pH range, no significant variability in results was obtained.  
 47 
Table 4.3 Results for the ANOVA obtained for pH. 
Ion F Ratio (F) P-Value 
P > α 
(Yes/No) 
• NH4+ 3.8080 0.0856 Yes 
• Mg2+ 1.5953 0.2782 Yes 
• PO43- 1.1858 0.3681 Yes 
• Ca2+ 4.9941 0.0529 Yes 
 
 
 
Figure 4.2 Effect of pH in the average millimoles removed from the centrate of phosphate, 
ammonium, and magnesium. 
4.2.3. Effect of Mixing Speed 
 At 150 RPM, a maximum removal of 8.1 millimoles of PO43- per liter of sample was 
achieved. It was observed that as the mixing speed increased, reaching a maximum of 700 RPM, 
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too high a mixing speed and the seed employed for nucleation started dissolving. In fact, Durrant 
et al. (1999) found that high mixing rates increase crystal breakage in struvite crystallization 
reactors. Mixing the sample at 300 RPM did not display a significant difference in PO43- removals 
when compared with the results obtained at 150 RPM, as shown in Figure 4.3 (A). At this speed, 
7.1 and 7.6 millimoles of phosphate per liter of sample were removed from the centrate on two 
different dates.  
 Figure 4.3 (B) shows that a substantial amount of ammonium was removed from the 
centrate as result of higher mixing speeds, resulting in a maximum removal of 40 millimoles of 
ammonium per liter of sample at 700 RPM. This is likely due ammonium being volatilized, which 
is enhanced by turbulence. Contrary to ammonium, magnesium showed insignificant lower 
removals at higher mixing speeds. Again, it is probable that 700 RPM was a too high mixing speed 
and the seed employed for nucleation started dissolving. However, this pattern was not observed 
with ammonium, suggesting that the dominant removal mechanism for inorganic nitrogen species 
is volatilization, which is highly dependent on turbulence.  
 The results given by ANOVA for the mixing speed suggests that ammonium is the 
dominant species significantly affected by changes in mixing speed or turbulence. The P-Value 
obtained for ammonium changing concentrations as function of the mixing speed was 0.0083, as 
shown in Table 4.4. This means that although the other species were also affected by modifying 
the mixing speed, ammonium is only the species statistically impacted by the turbulence created 
by high mixing speeds. In the literature, the effect of mixing speeds is typically addressed by means 
of struvite crystal growth and induction times (Ohlinger et al., 1999; Durrant et al., 1999; Rahaman 
et al., 2008). These studies indicated that as mixing speeds increase, induction time will decrease 
as result of accelerated nucleation rates. However, in this case the crystals were not examined, and 
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the induction time was fixed to 8 minutes. Also, it is important to point out that ANOVA will 
provide more accuracy in results for larger groups and in this case the whole set of data consisted 
of only two groups for each tested mixing speed.  
Table 4.4 Results for the ANOVA obtained for the mixing speed. 
Ion F Ratio (F) P-Value 
P > α 
(Yes/No) 
• NH4+ 34.9963 0.0083* No 
• Mg2+ 2.6519 0.2172 Yes 
• PO43- 3.5872 0.1601 Yes 
• Ca2+ 0.9631 0.4752 Yes 
 
 
 
Figure 4.3 Effect of mixing speed in the average millimoles removed from the centrate of 
phosphate, ammonium, and magnesium. 
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4.2.4. Effect of Hydraulic Retention Time  
 The effect of the HRT showed that there is no significant effect in terms of phosphate 
removals between the tested HRT of 8 and 20 minutes, as shown in Figure 4.4 (A). This may 
indicate that other parameters, such as the pH and molar ratios will more strongly determine the 
precipitation of struvite against the HRT.  
 Ammonium showed that after 20 minutes of induction time, the process is capable of 
removing a maximum of 51 millimoles of NH4+ per liter of sample, as shown in Figure 4.4 (B). 
Operating the struvite reactor at 8 minutes achieved minimum and maximum removals of 
approximately 30 and 38 mmoles of ammonium per liter of sample, respectively. The additional 
mmoles of NH4+ removed from the centrate after 20 minutes HRT, are likely due to volatilization 
as result of prolonged turbulence.  
 Figure 4.4 (C) shows that magnesium removals were not significantly altered as result of 
employing either 8 minutes or 20 minutes HRT. In fact, ANOVA identified NH4+ and Ca2+ as the 
only species significantly impacted by modifying the induction time. This implies that ammonium 
removals were significantly disturbed within the induction time range between 8 and 20 minutes, 
suggesting that prolonged HRT promotes inorganic nitrogen species to volatilize. The formation 
of tricalcium phosphates (TCP) is thermodynamically favored per the Visual MINTEQ and 
Musvoto et al. (2000) found that its kinetics is extremely slow. It is possible that at higher HRT, 
TCP precipitated together with struvite, explaining the increased removal of Ca2+ at longer HRT.  
Table 4.5 Results for the ANOVA obtained for the HRT. 
Ion F Ratio (F) P-Value 
P > α 
(Yes/No) 
• NH4+ 18.7436 0.0124* No 
• Mg2+ 1.3424 0.3111 Yes 
• PO43- 1.6000 0.2746 Yes 
• Ca2+ 10.0446 0.0339* No 
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Figure 4.4 Effect of HRT in the average millimoles removed from the centrate of phosphate, 
ammonium, and magnesium. 
4.2.5. Effect of Seed Quantity for Nucleation  
 The highest phosphate removals were observed by adding 1 gram of struvite seed per liter 
of sample (g/L). After adding higher seed quantities, the PO43- removals started significantly 
decreasing. The maximum achieved PO43- removal was 11 millimoles of PO43- per liter of sample 
after adding 1 g/L of seed. The minimum PO43- obtained was 4.2 millimoles of PO43- per liter of 
sample after no adding struvite seed. The results indicate that 5 and 10 g/L were excessive amounts 
of seed, which ended up contributing significantly to more PO43- into the centrate rather than 
precipitating it. NH4+ removals were highest using 1 g/L as well. However, as the amount of seed 
was increased to 5 and 10 g/L, significantly less ammonium was removed from the centrate. 
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Apparently, the additional added struvite seed contributed with ammonium to the centrate, 
resulting in higher concentrations after completing the experiment.  
 Magnesium results showed similar removals by adding 1 and 5 g/L. However, after adding 
10 g/L significant negative removals were obtained. This is likely to be related to an excessive 
quantity of seed added that caused the seed to contribute with higher concentrations of ammonium 
and magnesium into the centrate.  
 Therefore, the ANOVA showed that the removals of magnesium, ammonium, and 
phosphate from the centrate are significantly affected by the quantity of struvite seed added. 
Magnesium, ammonium, and phosphate reached P-Values equal or less than 0.0001 which is 
considerably less than the alpha value of 0.05. The analysis of variance shows that employing an 
excess of seed, in this case more 1 gram of seed per liter of sample, will negatively and significantly 
affect the experimental efficiency by contributing to higher concentrations of phosphate, 
ammonium, and magnesium in the centrate. These results also suggest that the struvite crystals 
formed in the sidestream by secondary nucleation, which involves forming crystals in the presence 
of existing seed crystals. This is based on the close to zero mmoles of struvite removed from the 
centrate after not adding struvite seed. Secondary nucleation is the commercially employed 
approach to promote crystal growth (Jones, 2002; de Haan and Bosch, 2007). The results obtained 
for calcium suggest that 1, 5, and 10 g/L of seed added will not affect the formation of calcium 
coprecipitates.  
Table 4.6 Results for the ANOVA obtained for the seed quantity. 
Ion F Ratio (F) P-Value 
P > α 
(Yes/No) 
• NH4+ 19.3132 0.0001* No 
• Mg2+ 136.4244 <0.0001* No 
• PO43- 21.1789 <0.0001* No 
• Ca2+ 0.5321 0.6665 Yes 
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Figure 4.5 Effect of seed quantity in the average millimoles removed from the centrate of 
phosphate, ammonium, and magnesium. 
4.3. Simulations by Visual MINTEQ 
 A simulation in Visual MINTEQ was employed to compare the experimental results 
obtained for pH and to simulate the effect of temperature in terms of the saturation index. The 
concentrations in the sidestream were taken after correcting the [Mg2+:PO43-] molar ratio to [3.6:1]. 
The input average concentration of ions in the sidestream are specified in Table 4.7. The results 
indicated that maximum saturation as function of pH and at a fixed temperature of 25°C takes 
place at a pH between 9.5 and 10.0. This is consistent with the experimental results for ammonium 
which showed higher removals at a pH of 9.5. The literature also confirms that the highest 
saturation index as function of pH takes place at a pH between 9.23 and 10.74, being the optimum 
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pH equal to 10.3 (Tchobanoglous et al., 2014). The resultant suitable fit was a second-degree 
polynomial, which is given by Equation 4.1 and the corresponding trendline is given by Figure 
4.6. At the optimum pH range the maximum saturation index obtained was 3.692.   
𝑦 = −0.2779𝑥2 + 5.4224𝑥 − 22.806 Equation 4.1 
 The process was repeated to test the effect on temperature in the saturation index using the 
characteristics of the sidestream defined in Table 4.7 and fixing the pH to 8.5. In this case, the 
optimum temperature identified by the simulation was 21°C. At this temperature, the maximum 
saturation index obtained was 3.138. The resultant suitable fit was a second-degree polynomial, 
and the function is given by Equation 4.2 and the trendline is given by in Figure 4.7. The obtained 
trendline is consistent with function given in the literature by Türker & Celen (2010), which was 
presented in Equation 2.10.  
𝑦 = −0.0001𝑥2 + 0.0046𝑥 − 3.0927 Equation 4.2 
Table 4.7 Sidestream average concentrations from January 2018. 
Component 
Name 
Averaged Sidestream 
Concentrations (mg/L) 
Standard Deviations 
(mg/L) 
Averaged Sidestream 
Concentrations (mmol/L) 
Na+ 680 ±8 30 
NH4+ 2037 ±120 113 
K+ 336 ±27 9 
Ca2+ 258 ±54 6 
Mg2+ 752 ±97 31 
PO43- 856 ±90 9 
 55 
 
Figure 4.6 Saturation index variation as function of pH by simulation. 
 
 
Figure 4.7 Saturation index variation as function of temperature by simulation. 
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4.3.1. Other Potential Precipitated Minerals  
Under the conditions investigated in this study, Visual MINTEQ identified other potential 
precipitated species besides struvite. However, the simulation tool allows the user to remove from 
the potential species list the non-applicable ions based on their kinetics.  The identified magnesium 
precipitated species beside struvite were newberyite (MgHPO4•3H2O) and bobierrite 
(Mg3(PO4)2•8H2O). However, Musvoto et al. (2000) reported that newberyite precipitates only at 
high concentrations of Mg2+ and P but at pH values less than 6.0. Hence, newberyite was removed 
from the potential precipitated. Mamais et al. (1994) reported that bobierrite has a precipitation 
time on the order of days. Thus, bobierrite was removed from the database as well. However, in 
this research calcium phosphate crystalline species had high saturation indices. These species were 
hydroxyapatite (HAP) (Ca5(PO4)3OH), tricalcium phosphate (TCP) (Ca3(PO4)2), monenite (DCP) 
(CaHPO4), and dicalcium phosphate dihydrate or brushite (DCPD) (CaHPO4•2H2O). The 
formation of HAP and TCP are thermodynamically favored per the Visual MINTEQ analysis 
executed in this study. However, Musvoto et al. (2000) found that the kinetics of these reactions 
are extremely slow. Besides, Salimi et al. (1985) and Abbona (1990) reported that the presence of 
magnesium in excess inhibits the nucleation and growth of HAP crystals. Hence, HAP and TCP 
were removed from the database.  However, Musvoto et al. (2000) also reported that DCP is a 
thermodynamically stable species during the precipitation of struvite, thus DCP was maintained in 
the database. Furthermore, DCPD was also kept in the database since Salimi et al. (1984) reported 
that the presence of Mg2+ has no detectable effect on the rate of its crystallization and there was 
no additional supporting information to remove it from the database.  
Table 4.8 Coprecipitated minerals per simulation in Visual MINTEQ. 
Coprecipitated Minerals 
DCP (CaHPO4) DCPD (CaHPO4•2H2O) 
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4.4. Selected Operating Conditions  
A literature review, followed by batch tests and a simulation in Visual MINTEQ, provided 
the conditions under which struvite can be precipitated from anaerobically digested EBPR sludge 
and achieve significant removals of total phosphorus (TP) and total nitrogen (TN). These 
conditions and the potential minerals other than struvite that will be present in the precipitate, are 
summarized in Table 4.9. Operating the struvite reactor under these conditions and for the given 
sidestream characteristics described previously in Table 4.7, produced a centrate from four runs 
with an average of 99% total phosphorus removal efficiency and 17% total nitrogen removal 
efficiency, as shown in Figure 4.9. The individual TP and TN percent recoveries for the four runs 
are shown in Figure 4.8. The precipitate collected under these conditions had a stoichiometric 
molar ratio of [PO43-:NH4+:Mg2+] equal to [1:2:2], suggesting that the precipitate is not pure 
struvite. This molar ratio reflects the high concentration of magnesium required to achieve high 
PO43- removals.  
Table 4.9 Optimum conditions selected per batch tests and Visual MINTEQ. 
Controlled Parameters Optimum Conditions 
• Stoichiometric molar ratio, [Mg2+:PO43-] [3:1 - 4:1] 
• pH 8.5 – 9.0 
• Nucleation (Ostara®, SGN=150) 
o Seed Quantity (g/L) 
1 
• Mixing speed (RPM) 300 
• HRT (minutes) 8 
• Temperature (°C) 21 ± 3 
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Figure 4.8 Removals under the selected conditions of (A) TP; (B) TN. 
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Figure 4.9 Average removals of under the selected conditions of (A) TP; (B) TN. 
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Figure 4.10 shows the process flow diagram (PFD) with the hypothetical scenario in which struvite is produced from 
anaerobically digested EBPR sludge from NWRWRF Biosolids Management Facility (BMF), under the conditions described in Table 
4.9 and after the projected expansion to 19 average annual daily flow (AADF). This process considers the incorporation of a completely-
stirred batch reactor to produce struvite, addition of sodium hydroxide (NaOH) to raise pH, and magnesium chloride to supply the 
supplementary magnesium source. Figure 4.10 follows the batch tests same proportions of chemicals addition and products obtained in 
this study. 
 
  
 
 
 
 
 
 
 
 
 
Figure 4.10 PFD for struvite produced from NWRWRF BMF sidestream.
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4.5. Powder X-Ray Diffraction Analysis  
A non-purified sample containing the precipitate collected from the experiment performed 
under the selected operational conditions and after removing the struvite seed was compared with 
a commercially produced struvite sample provided by Ostara® Nutrient Recovery Inc. using 
PXRD analysis. The results are shown in Figure 4.11 (A) and Figure 4.11 (B).  
 
Figure 4.11 PXRD analysis of (A) commercially produced struvite; (B) precipitate collected 
from experimental run. 
 
The red peaks in Figure 4.11 (A) represent the struvite counts from the PXRD library while 
the black peaks represent the struvite counts for commercially produced struvite. Figure 4.11 (B) 
shows the PXRD results of a precipitate sample collected in January 2018, obtained under the 
selected conditions in this study, which were previously defined in Table 4.9. The results indicated 
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that the precipitate collected in the experimental runs is likely to be struvite, per the visual 
inspection performed by the analyst, Gaurav Verma.  However, according to the simulation by 
Visual MINTEQ, the precipitate also contained the calcium species, DCP and DCPD. Although 
similar trends between Figures 4.11 (A) and 4.11 (B) were obtained, Visual MINTEQ could 
explain the difference in peak counts shown in some cases. In fact, the PXRD analysist revealed 
that the sample was likely to be contaminated although the specific contaminants were not 
identified. 
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CHAPTER 5: COST ANALYSIS 
This chapter provides results from a cost analysis that investigated the economic feasibility 
of incorporating a struvite system to treat anaerobically digested EBPR sludge from the BMF 
located within the NWRWRF.   
5.1. Background 
The collected information necessary to develop this cost analysis is summarized in Table 
5.1. The data are based on the projected NWRWRF expansion to 19 MGD AADF and 
incorporation of a two-phase AD at the BMF, as previously shown in the process flow diagram in 
Figure 4.10. The TP and TN concentrations represent the operation in FAWWTP; however, the 
magnesium concentration was adjusted to represent the operation in NWRWRF, which does not 
employ magnesium hydroxide for odor control. The biosolids transportation disposal cost of $90 
is a conservative estimate since it is anticipated that the Hillsborough County would not incur in 
transportation expenses for class A produced biosolids.  
Table 5.1 Collected information used to perform a cost analysis. 
Parameter Specification Reference 
Wastewater Characteristics 
Average Dry Weather Flow (MGD) 19 Tetra Tech, 2016 
Effluent TP Limit (mg P/L) 1 Tetra Tech, 2016 
Influent TP Concentration (mg P/L) 6 Tetra Tech, 2016 
Effluent TP Concentration (mg P/L) 0.1 Tetra Tech, 2016 
Effluent TN Limit (mg N/L) 3 Tetra Tech, 2016 
Secondary Treatment 
Nitrification/Denitrification Yes Tetra Tech, 2016 
Biological Phosphorus Removal Yes Tetra Tech, 2016 
Activated Sludge Type 5-Stage Bardenpho    Tetra Tech, 2016 
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Table 5.1 (Continued)  
Parameter Specification Reference 
WAS Thickening 
Gravity Belt Thickener Yes Tetra Tech, 2016 
WAS Flow Rate (un-thickened) (gal/day) 612,000                              This study 
P flux into BMF (kg/d 300                                    This study 
WAS Thickening 
WAS TP Conc. (un-thickened) (mg P/L) 129                                This study 
WAS % Solids (un-thickened)  0.83% This study 
TWAS Flow Rate (thickened) (gal/day) 135,600                              This study 
TWAS % Solids (thickened)  3.5% This study 
Dewatering 
Centrifuge Yes Tetra Tech, 2016 
 Liquor Flow Rate (gal/day)  127,500                              This study 
PO43- - P (mg/L) 220 This study 
NH4+ - N (mg/L) 1550 This study 
Magnesium (mg/L) 50 This study 
pH 7.4 This study 
Biosolids 
Digestion Type TM-TPAD This study 
# Digesters 2 in service This study 
Digesters Cleaning Frequency (years) every 2 years This study 
Biogas Production (SCF/day)  300,000 This study 
Cake Solids (%) 21% This study 
Salaries & Wages $689,000 This study 
Disposal Type  Recovery This study 
Biosolids (DT/day) 12 This study 
Transportation Disposal Cost ($ /DT) $90 This study 
Polymer 
Polymer Name Polydyne Tetra Tech, 2016 
Amount (lb./ biosolids DT) 40 
Personal communication with 
Hillsborough County personnel 
Cost ($/dry lb.) $1.02 
Personal communication with 
Hillsborough County personnel 
Alum 
Amount (dry lbs./day) 1390 
Personal communication with 
Hillsborough County personnel 
Cost ($/dry lbs.) $0.0409 
Personal communication with 
Hillsborough County personnel 
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The total capital costs, capital recovery, and payback period associated with a struvite 
reactor fed from anaerobically digested EBPR sludge were obtained from Ostara® Nutrient 
Recovery Technologies Inc. (Ostara®) and Schwing Bioset Inc. (SBI). Ostara® evaluated two 
different scenarios. Scenario (1) includes the equipment required to produce struvite, branded as 
Crystal Green®, by employing the Pearl® reactor for post-digestion of centrate. Scenario (2) 
evaluated the production of struvite with Waste Activated Sludge Stripping to Remove Internal 
Phosphorus (WASSTRIP™) process in combined pre- and post-digestion centrate. Scenario (3) 
was obtained from SBI and addresses a budgetary proposal for a Nutrient Recovery System 
(NuReSys) employed to harvest struvite. The considered scenarios are further explained as 
follows:  
• Scenario (1) – This scenario evaluated the production of Crystal Green® struvite from 
anaerobically digested EBPR sidestream. The quote included a Pearl® 500 fluidized bed 
reactor with footprint of 1,500 ft2. The quoted price also included pH adjustment 
equipment, a chemical dosing system for the magnesium source, dewatering and drying 
equipment, and process controls for automation and networking. 
• Scenario (2) – This scenario evaluated the production of Crystal Green® struvite by 
employing WASSTRIP™ in a mixture of post-anaerobic digestion centrate and pre-
digester thickener liquor. WASSTRIP™ functions by stripping a significant fraction of the 
phosphorus and magnesium from the WAS stream before it is anaerobically digested. Less 
magnesium entering the digester reduces the driving force to form struvite in tanks and 
pipelines. The enriched liquid stream is then passed to the struvite recovery process. The 
quote included one Pearl® 2000 fluidized bed reactor with WASSTRIP™ release. The 
quoted price also included pH adjustment equipment, a chemical dosing system for 
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magnesium source, dewatering and drying equipment, and process controls for automation 
and networking. The approximate system footprint is 3,500 ft2. 
• Scenario (3) – This scenario evaluated the production of struvite by NuReSys from 
anaerobically digested EBPR sidestream. The proposal included a 1,122-ft3 CO2 release 
tank for pH adjustment, a 860-ft3 continuously-stirred crystallization reactor, a chemical 
dosing system for magnesium chloride, a struvite harvesting system, and process controls 
for automation and networking. The NuReSys designed for this scenario covers 
approximately 2,360-ft3.  
The annual uniform series for discrete cash flow with end-of-period compounding, was 
obtained for the three alternatives by employing Equation 5.1. In this equation, P represents the 
present worth, A is the uniform series or annual payment amount per interest period, i is the interest 
rate per interest period, and n is expected life of an asset in years (Blank & Tarquin, 2008). In this 
case, it was assumed that the expected life of the asset is 20 years at a 5% interest rate.  
(
𝐴
𝑃
, 𝑖,  𝑛) =  
𝑖(1 + 𝑖)𝑛
(1 + 𝑖)𝑛 − 1
 𝑤ℎ𝑒𝑟𝑒: A = P(
A
P
,  𝑖,  𝑛) Equation 5.1 
5.2. Results  
The recovery capacities associated with each scenario are shown in Table 5.2. Scenario (2) 
offers the highest TP and TN recoveries through WASSTRIP™ release. This is due to the 
additional mass of phosphorus that is sent to the phosphorus recovery process. Hence, although 
Scenario (2) has the highest total capital costs as shown in Table 5.3, it also has the shortest 
payback period. This is because more fertilizer is produced as result of the WASSTRIP™ approach 
and less alum is required at the main WWTP. Scenarios (1) and (2) produced approximately the 
same amount of struvite fertilizer although Ostara® proposed a fluidized bed reactor and SBI 
proposed a continuously-stirred reactor. Conversions rates in both scenarios were above 90%.  
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Table 5.2 Recovery capacities of considered scenarios. 
Recovery Capacity 
Scenario (1) - 
Pearl® by Ostara®  
Scenario (2) - 
WASSTRIP™ by Ostara® 
Scenario (3) - 
NuReSys® by SBI 
TP Recovery  
(lbs. PO43- - P/day) 
145 550 110 
TN Recovery 
(lbs. NH3 - N/day) 
65 250 100 
Fertilizer Production 
(lbs./day) 
1,100 4,400 1,500 
 
Table 5.3 Quoted costs and savings associated with each considered scenario. 
Specification 
Scenario (1) - 
Pearl® by Ostara®  
Scenario (2) - 
WASSTRIP™ by Ostara® 
Scenario (3) - 
NuReSys® by SBI 
Total Capital Cost  $3,000,000 $5,000,000 $959,100 
Annual Payment 
Amounta 
$240,780 $401,300 $76,980 
Annual Savings Net $135,000b $285,000b $40,400c 
Resulting Payback 
Period  
22 years 18 years 23 years 
a Uniform payment amount for 20 years and per 5% interest period. 
b Included fertilizer revenue, alum, and operating costs offset. 
c Included fertilizer revenue and alum offset. 
 
As shown in Table 5.3, Ostara® estimated a total capital cost of $3M for Scenario (1) with 
a revenue of $135,000 per year and a payback period of 22 years. Scenario (2) from Ostara® has 
a quoted price of $5M with a revenue of $285,000 per year and a payback period 18 years. These 
two scenarios included fertilizer revenue, alum, and operating costs offset. The operating costs 
offset refer to the production of class A biosolids rather than landfill of class B biosolids.  
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The quoted price by SBI in Scenario (3) was $959,100 and is capable of daily harvesting 
1,517 pounds of struvite. For a current market value of $71 per ton of struvite, the system will 
produce an approximate revenue of $19,660 per year. Scenario (3) will also save nearly $20,750 
per year in alum usage. The total annual savings under this scenario are $40,400. However, savings 
regarding land application of class A biosolids rather than landfill disposal, were not accounted 
for under Scenario (3). Further information regarding the proposal delivered by SBI for Scenario 
(3) can be found in Appendix C.  
Scenarios (1) and Scenario (3) have similar payback periods but very different total capital 
costs. The annual savings by producing struvite in Scenario (3) are about 70% less than producing 
Crystal Green® in Scenario (1). This is probably because savings and maybe even a revenue by 
producing class A biosolids, were not considered under Scenario (3).  
5.3. Recommendations 
The reduced total capital cost and annual payment amount, lead to Scenario (3) as the more 
feasible one. The downside is the payback period in this alternative; however, it should be reduced 
by accounting for the savings of producing class A biosolids. It is also likely that Ostara® and SBI 
have different business models, which should be well understood before reaching a final verdict. 
Briefly, the business model employed by Ostara® markets the produced struvite fertilizer while 
SBI only supplies the equipment to harvest struvite and does not own or market the fertilizer 
produced.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
The overall aim of this research was to investigate the removal and recovery of P and N in 
the form of struvite from anaerobically digested EBPR sidestreams. This goal was achieved by 
experiments performed on the effluent of a pilot-scale thermophilic anaerobic digester fed with 
FAWWTP dewatered WAS. Struvite precipitation batch tests using the anaerobic digester 
supernatant were performed to investigate the effect of the following operating conditions: Mg2+ 
to PO43- molar ratio, pH, mixing speed, seed quantity employed for nucleation, and hydraulic 
retention time (HRT). Additionally, the effect of temperature and pH were investigated using 
Visual MINTEQ simulations. Analysis of Variance (ANOVA) was employed to investigate the 
significance in variance within the removals obtained for PO43-, NH4+, Mg2+, and Ca2+ after 
performing the experiments for every tested operating condition. The main observations regarding 
the batch tests are summarized in the following bulleted list.   
• Effect of [Mg2+:PO43-] Molar Ratio 
o The highest amount of phosphate removed was at a [Mg2+:PO43-] molar ratio of 4.0. 
The other molar ratios tested were 1.0, 2.0, and 3.0.  
o FAWWTP employs a magnesium hydroxide solution for odor control, which likely 
caused magnesium to be bound before precipitation. As a result, an increase in Mg2+ 
to PO43- molar ratio was required to maintain phosphate removals. 
o ANOVA indicated that the difference in results among the tested [Mg2+:PO43-] 
molar ratios was not statistically significant for the removals of ammonium, 
calcium, and magnesium from the centrate. However, a visual inspection shows 
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significant variability in the results. This is likely to be correlated with the highly 
variable influent concentrations into the struvite reactor. In this case, ANOVA will 
require larger groups to accurately identify variability in the results. 
• Effect of pH 
o The pH values tested experimentally (8.5, 9.0, and 9.5) did not achieve significant 
variance in removals of ammonium, phosphate, nor magnesium. Although, 
operating the reactor at a pH of 9.5 removed the highest amount of ammonium.  
o The results obtained by the simulation using Visual MINTEQ indicated that a 
maximum saturation as function of pH takes place at a pH between 9.5 and 10.0.   
• Effect of Mixing Speed 
o Maximum amounts of ammonium were removed from the centrate at higher mixing 
speeds. This is likely due ammonium being volatilized, which is enhanced by 
turbulence. The mixing speed had a significant effect on ammonium removals.  
o Magnesium and phosphate showed lower removals at higher mixing speeds. It is 
probable that 700 RPM was a too high mixing speed and the seed employed for 
nucleation started dissolving. 
• Effect of Hydraulic Retention Time 
o ANOVA identified NH4+ and Ca2+ as the species significantly impacted by 
modifying the induction time.  
o Ammonium removals were disturbed within the induction time range between 8 
and 20 minutes, suggesting that prolonged HRT promotes inorganic nitrogen 
species to volatilize.  
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o It is likely that at higher HRT, tricalcium phosphate (TCP) or other favored calcium 
species coprecipitated with struvite.  
• Effect of Seed Quantity for Nucleation  
o The highest phosphate and ammonium removals were observed by adding 1 g/L of 
struvite seed. The results indicated that adding 5 and 10 g/L was an excessive 
amount of seed, which ended up contributing significantly to more PO43- and NH4+ 
into the centrate rather than precipitating it. 
o Adding 10 g/L was an excessive amount of seed that contributed to more Mg2+ into 
the centrate rather than precipitating it. 
o The results suggested that the struvite crystals formed in the sidestream by 
secondary nucleation.  
• The optimum temperature identified by the simulation in Visual MINTEQ was 21°C.  
• Because influent concentrations were varying during each experiment there may be some 
unaccounted additional uncertainty since the results are expressed as millimoles per liter 
of sample removed rather than removal efficiency. 
• The selected conditions per batch tests and Visual MINTEQ were: [Mg2+:PO43-] of [3:1-
4:1], pH ranging from 8.5 to 9.0, 1-gram of seed per liter of sample, 300 RPM as mixing 
speed, 8 minutes HRT, and an operating temperature of 21± 3(°C). 
• Operating the struvite reactor under the selected conditions per batch tests resulted in an 
average of 99% TP and 17% TN removals. The composition of the resultant precipitate for 
[Mg2+:NH4+:PO43-] was equal to [2:2:1] based on the concentrations that disappeared from 
the aqueous solution, suggesting that other potential minerals coprecipitated with struvite.  
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• Visual MINTEQ predicted that together with struvite, DCP and DCPD will also precipitate 
under the tested conditions in this study. However, it is likely that other unpredicted species 
by Visual MINTEQ, such as magnesium carbonates or magnesium hydroxide 
coprecipitated with struvite. 
• The chemical composition of the collected solids precipitated was analyzed by PXRD after 
removing the struvite seed. The analyst revealed that the sample was likely to be a mixture 
between struvite and other coprecipitates.  
• Three scenarios were evaluated to distinguish the economic feasibility of incorporating a 
struvite harvesting system within the NWRWRF BMF. In Scenario (1) Ostara® evaluated 
the production of struvite from anaerobically digested EBPR sidestream using a fluidized 
reactor. In Scenario (2), Ostara® evaluated the production of struvite in a fluidized bed 
reactor but by employing WASSTRIP™ in a mixture of post-anaerobic digestion centrate 
and pre-digester thickener liquor. Scenario (3) was addressed by SBI through NuReSys in 
which a continuously-stirred reactor followed by a harvesting system were proposed to 
produce struvite fertilizer. Scenario (2) offered the highest TP and TN recoveries through 
WASSTRIP™ release. Hence, although Scenario (2) had the highest total capital costs 
($5M) it also had the shortest payback period (18 years). However, the reduced total capital 
cost of $960K and annual payment amount per interest period close to $80K, lead Scenario 
(3) to be the more feasible one. The downside is the payback period of 23 years in this 
alternative; however it should be reduced by accounting for the savings of producing class 
A biosolids rather than landfill class B biosolids.  
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Appendix A List of Acronyms 
AADF Average Annual Daily Flow 
AD Anaerobic Digestion  
Alum Aluminum sulfate 
ANOVA Analysis of Variance  
AWWTP Advanced Wastewater Treatment Plant  
BMF Biosolids Management Facility 
BNR Biological Nutrient Removal 
BOD Biological Oxygen Demand  
COD Chemical Oxygen Demand  
EBPR Enhanced Biological Phosphorus Removal  
DCP Monenite (CaHPO4) 
DCPD Brushite (CaHPO4•2H2O) 
DO Dissolved Oxygen  
FAWWTP Falkenburg Advanced Wastewater Treatment Plant 
HRT Hydraulic Retention Time 
IAP Ion Activity Product 
IC Ion Chromatography  
MDL Method Detection Limits 
Mmole(s) Millimole(s) 
N Nitrogen 
NRDP Non-Reactive Dissolved Phosphorus 
NuReSys Nutrients Recovery Systems 
NWRWRF Northwest Regional Water Reclamation Facility  
Ostara® Ostara® Nutrient Recovery Technologies Inc. 
O&M Operation and Maintenance  
P Phosphorus 
PAOs Phosphate-Accumulation Organisms  
PFD Process Flow Diagram 
RAS Return Activated Sludge 
rbCOD Readily Biodegradable COD 
SBI Schwing Bioset Inc. 
SRT Solids Retention Time 
TCP Tricalcium Phosphate (Ca3(PO4)2) 
TN Total Nitrogen 
TP Total Phosphorus 
TSS Total Suspended Solids 
USF University of South Florida  
VFAs Volatile Fatty Acids 
VS Volatile Solids 
WAS Waste Activated Sludge 
WASSTRIP™ Waste Activated Sludge Stripping to Remove Internal Phosphorus 
WWTP(s) Wastewater Treatment Plant(s) 
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Appendix B Analytical Chemistry Methods and Instruments for Analytical Work  
Table B1. Analytical chemistry methods for the controlled parameters. 
Parameter Method Instrument 
MDL or Range 
(mg/L) 
Na+, K+, NH4+, 
Ca2+, Mg2+ 
Ion chromatography with 
chemical suppression 
USEPA 1997 
Metrohm 850 
Professional IC 
1.0, 2.5, 5.0, 15, 50, 
and 100 
PO43- 
Standard Method 4500-PE 
(APHA, 2012) 
HACH® Method 10209 
HACH® DR 2800 
Spectrophotometer 
6-60 (UHR) 
pH 
Standard Method 4500-H+B 
(APHA, 2012) 
Orion 5 Star meter 
and probe 
0-14 
Temperature 
Standard Method 2550 B 
(APHA, 2012) 
Orion 5 Star meter 
and probe 
-5°C - 105°C 
PXRD NA 
Bruker D8 Advance 
theta-2theta 
diffractometer with 
copper radiation 
NA 
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Appendix C Schwing Bioset Proposal  
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Figure C1. Struvite process flow diagram developed by SBI.  
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Appendix D Analysis of Variance for Batch Tests  
Table D1.1 ANOVA for [Mg2+:PO43-] molar ratio 
Ion Source DF Sum of Squares Mean Square F Ratio Prob > F 
NH4+ 
Ratio [Mg2+:PO43-] 3 2411.629 803.876 
1.0590 0.4026 Error 12 9109.191 759.099 
C. Total 15 11520.820  
Mg2+ 
Ratio [Mg2+:PO43-] 3 940.1152 313.372 
1.4106 0.2877 Error 12 2665.7774 222.148 
C. Total 15 3605.8926  
PO43- 
Ratio [Mg2+:PO43-] 3 25.078080 8.35936 
3.8398 0.0387* Error 12 26.124413 2.17703 
C. Total 15 51.202494  
Ca2+ 
Ratio [Mg2+:PO43-] 3 3.101028 1.03368 
0.8363 0.4995 Error 12 14.831947 1.23600 
C. Total 15 17.932975  
 
Table D1.2 ANOVA for pH 
Ion Source DF Sum of Squares Mean Square F Ratio Prob > F 
NH4+ 
pH 2 70.79909 35.3995 
3.8080 0.0856 Error 6 55.77680 9.2961 
C. Total 8 126.57589  
Mg2+ 
pH 2 56.15047 28.0752 
1.5953 0.2782 Error 6 105.59233 17.5987 
C. Total 8 161.74280  
PO43- 
pH 2 5.339756 2.66988 
1.1858 0.3681 Error 6 13.508867 2.25148 
C. Total 8 18.848622  
Ca2+ 
pH 2 6.1386889 3.06934 
4.9941 0.0529 Error 6 3.6875333 0.61459 
C. Total 8 9.8262222  
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Table D1.3 ANOVA for mixing speed 
Ion Source DF Sum of Squares Mean Square F Ratio Prob > F 
NH4+ 
Mixing Speed 2 1032.7046 516.352 
34.9963 0.0083* Error 3 44.2634 14.754 
C. Total 5 1076.9681  
Mg2+ 
Mixing Speed 2 27.104133 13.5521 
2.6519 0.2172 Error 3 15.330950 5.1103 
C. Total 5 42.435083  
PO43- 
Mixing Speed 2 2.7039000 1.35195 
3.5872 0.1601 Error 3 1.1306500 0.37688 
C. Total 5 3.8345500  
Ca2+ 
Mixing Speed 2 0.6646333 0.332317 
0.9631 0.4752 Error 3 1.0351000 0.345033 
C. Total 5 1.6997333  
 
Table D1.4 ANOVA for hydraulic retention time 
Ion Source DF Sum of Squares Mean Square F Ratio Prob > F 
NH4+ 
HRT 1 281.39802 281.398 
18.7436 0.0124* Error 4 60.05193 15.013 
C. Total 5 341.44995  
Mg2+ 
HRT 1 3.872067 3.87207 
1.3424 0.3111 Error 4 11.537667 2.88442 
C. Total 5 15.409733  
PO43- 
HRT 1 0.00106667 0.001067 
1.6000 0.2746 Error 4 0.00266667 0.000667 
C. Total 5 0.00373333  
Ca2+ 
HRT 1 0.8437500 0.843750 
10.0446 0.0339* Error 4 0.3360000 0.084000 
C. Total 5 1.1797500  
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Table D1.5 ANOVA for seed quantity for nucleation 
Ion Source DF Sum of Squares Mean Square F Ratio Prob > F 
NH4+ 
Seed Quantity 3 5733.0424 1911.01 
19.3132 0.0001* Error 11 1088.4340 98.95 
C. Total 14 6821.4764  
Mg2+ 
Seed Quantity 3 2995.6554 998.552 
136.4244 <0.0001* Error 11 80.5139 7.319 
C. Total 14 3076.1693  
PO43- 
Seed Quantity 3 62.052828 20.6843 
21.1789 <0.0001* Error 11 10.743105 0.9766 
C. Total 14 72.795933  
Ca2+ 
Seed Quantity 3 4.343585 1.44786 
0.5371 0.6665 Error 11 29.655455 2.69595 
C. Total 14 33.999040  
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Appendix E Analytical Results from February 2017 to January 2018 
Table E1. Results obtained from batch test (1-influent and 2-effluent concentrations). 
Tested 
Conditions 
Na+ 
(mg/L) 
1 
Na+ 
(mg/L) 
2 
NH4+ 
(mg/L) 
1 
NH4+ 
(mg/L) 
2 
NH4+ - N 
(mg/L) 
1 
NH4+ - N 
(mg/L) 
2 
K+ 
(mg/L) 
1 
K+ 
(mg/L) 
2 
Ca2+ 
(mg/L) 
1 
Ca2+ 
(mg/L) 
2 
Mg2+ 
(mg/L) 
1 
Mg2+ 
final 
(mg/L) 
1a* 
Mg2+ 
(mg/L) 
2 
PO43- 
(mg/L) 
1 
PO43- 
(mg/L) 
2 
PO43- - P 
(mg/L) 
1 
PO43- - P 
(mg/L) 
2 
Ratio                  
1 146 2002 2181 1789 1696 1391 363 419 172 103 148 250 26 883 366 287 119 
1 146 605 2181 1951 1696 1518 363 373 172 101 148 160 61 775 139 252 45 
1 146 550 2181 1525 1696 1186 363 284 172 90 148 305 648 775 26 252 8 
1 146 541 2181 1413 1696 1099 363 268 172 102 148 409 829 775 0 252 0 
1 120 884 1995 2168 1552 1686 343 562 235 141 430 504 67 1010 548 329 178 
2 120 850 1995 2208 1552 1717 343 440 235 141 430 504 53 1010 540 329 176 
2 124 877 1882 2061 1464 1603 327 429 267 160 346 445 82 898 410 292 133 
2 124 892 1882 2092 1464 1627 327 423 267 160 346 445 61 898 418 292 136 
2 141 581 2361 1259 1836 979 433 296 212 136 59 425 959 898 4 292 1 
2 141 523 2361 1117 1836 869 433 261 212 100 59 522 1081 898 4 292 1 
3 141 546 2361 1148 1836 893 433 271 212 82 59 616 1249 898 4 292 1 
3 122 670 1891 1619 1471 1259 302 309 437 231 329 665 647 810 9 264 3 
3 126 738 2027 1779 1577 1384 319 339 256 210 396 783 646 839 9 273 3 
4 114 738 1830 1782 1423 1386 295 349 202 176 347 634 536 795 17 259 5 
4 123 666 2017 1437 1519 1118 331 297 209 158 352 740 591 939 8 306 3 
4 143 577 2272 1688 1767 1313 397 339 366 215 331 853 829 849 12 276 4 
pH                  
10 133 810 2056 1111 1599 864 389 833 454 325 330 423 97 1070 240 348 78 
9 133 1208 2056 1150 1599 894 389 474 349 325 330 423 43 1070 320 348 104 
9 129 913 2056 1170 1599 910 379 461 334 321 368 525 72 1070 370 348 120 
* Concentration after raising the magnesium to phosphate molar ratio.  
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Table E1. (Continued) 
Tested 
Conditions 
Na+ 
(mg/L) 
1 
Na+ 
(mg/L) 
2 
NH4+ 
(mg/L) 
1 
NH4+ 
(mg/L) 
2 
NH4+ - N 
(mg/L) 
1 
NH4+ - N 
(mg/L) 
2 
K+ 
(mg/L) 
1 
K+ 
(mg/L) 
2 
Ca2+ 
(mg/L) 
1 
Ca2+ 
(mg/L) 
2 
Mg2+ 
(mg/L) 
1 
Mg2+ 
final 
(mg/L) 
1a* 
Mg2+ 
(mg/L) 
2 
PO43- 
(mg/L) 
1 
PO43- 
(mg/L) 
2 
PO43- - P 
(mg/L) 
1 
PO43- - P 
(mg/L) 
2 
9 129 1644 2056 1132 1599 880 379 488 329 321 368 525 63 1070 298 348 97 
9 127 722 2041 1140 1587 887 385 424 294 246 312 516 167 1050 80 342 26 
10 146 1090 2181 1234 1696 960 363 397 372 264 148 250 36 910 148 296 48 
10 133 1904 2076 1075 1615 836 349 459 233 198 67 224 60 570 110 185 36 
9 151 317 2507 1574 1950 1224 366 338 311 289 120 346 56 890 64 290 21 
9 131 581 2197 1456 2005 987 377 359 105 98 139 381 180 943 24 307 8 
Seed                  
1 141 712 2361 1507 1836 1172 433 360 295 212 59 463 100 898 8 292 2 
1 141 728 2361 1474 1836 1146 433 351 205 212 59 500 116 898 7 292 2 
5 137 1075 1945 2048 1513 1593 376 471 333 215 193 500 199 958 207 312 67 
10 140 903 2106 2082 1638 1619 396 458 248 308 350 520 972 1050 588 346 82 
1 130 731 2300 1900 1515 1646 358 441 293 288 381 517 100 1063 15 342 113 
1 127 722 2041 1300 1587 1484 385 424 246 294 312 516 167 1060 22 345 7 
10 127 672 2041 1791 1587 1393 385 394 224 294 312 516 802 1060 597 345 4 
5 124 755 1916 2068 1491 1608 357 439 310 313 339 486 78 988 258 321 84 
5 124 730 1916 2027 1491 1577 357 432 294 313 339 486 73 988 246 321 80 
5 120 884 1995 2168 1552 1686 343 562 265 235 430 504 67 1010 308 329 178 
10 120 850 1995 2208 1552 1717 343 440 292 235 430 555 1005 1010 540 329 176 
10 124 877 1882 2061 1464 1603 327 429 301 267 346 445 707 898 410 292 133 
10 124 892 1882 2092 1464 1627 327 423 285 267 346 445 821 898 418 292 136 
0 138 393 2072 1789 1611 1391 360 346 229 183 139 340 261 871 66 283 21 
* Concentration after raising the magnesium to phosphate molar ratio.  
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Table E1. (Continued) 
Tested 
Conditions 
Na+ 
(mg/L) 
1 
Na+ 
(mg/L) 
2 
NH4+ 
(mg/L) 
1 
NH4+ 
(mg/L) 
2 
NH4+ - N 
(mg/L) 
1 
NH4+ - N 
(mg/L) 
2 
K+ 
(mg/L) 
1 
K+ 
(mg/L) 
2 
Ca2+ 
(mg/L) 
1 
Ca2+ 
(mg/L) 
2 
Mg2+ 
(mg/L) 
1 
Mg2+ 
final 
(mg/L) 
1a* 
Mg2+ 
(mg/L) 
2 
PO43- 
(mg/L) 
1 
PO43- 
(mg/L) 
2 
PO43- - P 
(mg/L) 
1 
PO43- - P 
(mg/L) 
2 
0 133 454 2070 2062 1487 1604 349 398 133 256 67 224 101 570 143 185 46 
HRT                  
8 136 718 2055 1379 1598 1072 366 296 243 198 336 840 617 990 15 322 2 
20 136 728 2055 1200 1598 1068 366 303 243 160 336 840 710 990 15 322 2 
20 122 654 2055 1276 1479 958 323 256 209 144 433 840 591 990 18 302 2 
20 122 723 2147 1231 1479 1112 323 288 209 154 433 840 670 990 19 302 3 
8 130 685 2055 1456 1578 1385 323 338 199 160 311 840 591 990 17 255 5 
8 130 694 2055 1520 1578 1388 323 335 199 171 311 840 557 990 11 255 4 
Mixing 
Speed 
                 
150 134 838 1972 1799 1534 1119 350 293 150 140 275 631 531 693 6 287 1 
300 134 851 1972 1433 1534 1115 350 297 150 140 275 630 514 737 3 287 1 
700 127 840 1968 1264 1530 983 350 311 199 219 330 551 475 550 10 280 2 
700 127 922 1968 1371 1530 1066 350 331 199 182 330 550 603 645 12 280 3 
150 114 738 1830 1782 1423 1386 295 349 202 176 347 634 536 795 17 259 5 
300 123 666 2017 1437 1519 1118 331 297 209 158 352 628 480 686 9 306 3 
* Concentration after raising the magnesium to phosphate molar ratio.  
